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Soil erosion is a global concern as it reduces the quality of the soil and restricts its 
ability to provide essential ecosystem services such as supplying the nutrients and 
substrate for the majority of the world’s food. Without the fertile top soil, more 
fertilisers are needed to achieve the same yield. Additionally, the displaced soil clogs 
waterways, increasing both the risk and magnitudes of flooding and landslides. Plant 
roots have beneficial traits that can reinforce the soil and mitigate erosion. However, 
there is a large gap in the knowledge regarding the relative contribution of individual 
root traits. Root hairs can bind soil particles at the root-soil interface and anchor roots 
during growth, but their influence on wider reinforcement of soil and erosion 
mitigation has not yet been evaluated. This thesis subjected root systems with varying 
traits to erosion events and evaluated which traits are more beneficial to preventing 
erosion. 
Initially, pot experiments evaluated the ability of root hairless mutants of barley (brb), 
maize (rth3), and L. japonicus (Ljrhl1) to bind soil at the root-soil interface and form a 
rhizosheath. Root exudate adhesiveness and root hair traits were compared with wild 
type (WT) genotypes. Root hair development proved to be the most influential trait for 
rhizosheath formation. 
Pots containing one each of the barley and maize genotypes were subjected to shear 
stress in a laboratory shearing rig to establish which root traits most influenced the 
root system's ability to reinforce the soil. The presence of roots significantly increased 
soil reinforcement, but unlike with rhizosheath development, root hairs showed no 
propensity to influence this. Root diameter was the trait most dominant in determining 
a root system’s effectiveness as soil reinforcement. 
A mesocosm experiment evaluated the impact of root hairs on erosion mitigation 
under a controlled laboratory environment. Multiple barley plants were grown in 
mesocosms modified to collect eroded sediment and subjected to a gravity fed 
laboratory rainfall simulator. The presence of roots significantly decreased the yield of 
sediment in the runoff in comparison to the unplanted mesocosms and the presence of 
root hairs enhanced this reduction. 
Lastly, barley genotypes were grown in field plots and subjected to simulated rainfall 
from a portable field rainfall simulator. The presence of roots significantly reduced the 
yield of sediment in the runoff. However, under the less controlled field conditions, 
there was no correlation with soil yield and increasing root presence. Consequently 
the influence of root hairs was swamped by other uncontrolled variables. 
Thus, it was concluded that in a small scale homogenous environments root hairs can 
enhance a root system's ability to mitigate soil erosion, however their contribution is 
small and can easily become overshadowed by more dominant forces such as larger 
roots or intense rainfall so that in some scenarios their contribution is negligible. 
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Chapter 1. General introduction. 
1.1.  Introduction 
Soil is one of the planet’s major natural resources and is integral to sustaining life on 
Earth by providing a plethora of goods and services. Arguably, to the human 
population, one of the most immediately relevant ecosystem services provided by soil 
is the nutrient rich substrate in which the majority of the world’s food is grown. 
Additionally, the presence of clay minerals, organic matter and soil biota acts as a 
filter and buffer for the world’s drinking water by retaining and degrading nutrients 
and pollutants, such as agriculturally applied pesticides (Keesstra et al. 2012). Other 
services provided by soil include, but are not limited to: construction materials 
(McNally 2017), antibiotics (Ehrlich et al. 1947; Wright 2015), mineral resources 
(Kesler et al. 2015), and dampening of flood peaks (Moore 2007). Soil’s complex 
structure allows small-scale heterogeneity and thus, sustains an extensively diverse 
population of organisms (Nielsen et al. 2010). Soil is one of the most bio-diverse 
habitats on the planet, with over 106 distinct genomes of bacteria occurring in a single 
gram of soil (Giller et al. 1997; Gans et al. 2005). Soil also accommodates the > 80 
000 fungal species (so far catalogued) at some stage in their life cycle (Bridge and 
Spooner 2001) and uncountable numbers of nematodes, protozoa, earthworms and 
other meso- and macro-fauna (Giller et al. 1997). With the aid of these organisms, soil 
maintains a large portion of the planet’s nutrient cycle, which accounts for the second 
largest carbon sink on the planet (Schlesinger and Andrews 2000). However, the 




The human population has already increased by over 1 billion in the past 12 years, 
reaching over 7.3 billion today, and is predicted to reach 9.7 billion by 2050 and 11.2 
billion by 2100. This population increase has a direct impact on the global food 
demand and predictions suggest that agricultural production will need to increase by 
over 100% between 2005 and 2050 in order to compensate (United Nations 2015). We 
have, thus far, been able to keep up with the exponentially increasing demand for food 
by breeding ‘improved’ crop species and developing agricultural technologies such as 
irrigation, pesticides and synthetic fertilisers to boost crop yields, technologies which 
are collectively known as the “Green Revolution” (Pingali 2012). 
At the time, the Green Revolution’s success was to stall the starvation of a growing 
population, decrease rural poverty and prevent expanses of natural land being 
converted for agricultural use (Evenson and Gollin 2003; World Bank 2007; Hazell 
2009). However, crop yield increases have begun to plateau (Janaiah et al. 2005; van 
Wart et al. 2013) and the dependency of these high yielding monocultures on 
fertilizer, irrigation, and pesticides is causing widespread degradation of both land and 
water (Singh 2000; World Bank 2007; Gupta and Seth 2007; Rockström et al. 2007; 
Lal 2009; Rodell et al. 2009). The reaction to the current crop yield stagnation has 
been to proliferate and intensify agricultural land. Thus an extra 13 % of wild land 
will need to be converted to agriculture by 2050, exposing more of the earth’s surface 
to degradation processes (Lambin et al. 2003; Tilman et al. 2011). Being able to 
increase yield without further degrading the soil or converting land for agricultural 
purposes is essential for sustainable agriculture. It is becoming widely accepted that 
we should learn from the inadequacies of the Green Revolution and base any further 
progression in the context of sustainability, where yield is increased without 
exacerbating and preferably decreasing any negative environmental impact (FAO, 
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2011; Lynch, 2007; Matson et al., 1997; Tilman et al., 2011, 2002; World Bank, 
2007). 
1.2. Soil physical properties and degradation 
The natural progression of healthy soil formation starts as the bedrock is broken down 
and dissolved, primarily due to (slight) acidity of rain water but also aided by soil 
organisms. This is cyclically combined with decaying organic matter (usually plant 
matter) to form aggregates predominantly 0.25-10 mm in size. In “natural” soils, 
nutrients initially originate from the dissolved bedrock, but are also added through the 
deposition of organic matter and microbial N fixation from the atmosphere by bacteria 
and plants (Jenny 1941; Lehmann and Kleber 2015). In agricultural soils, nutrients are 
also added in the form of chemical and biological fertilisers. The structure of the soil 
is determined by the shape, size, and arrangement of soil particles which in turn 
determines the characteristic of the soil pores and their ability to facilitate water 
retention and flow within the soil (Bronick and Lal 2005). The stability of soil 
structure is quantified by aggregation.  
1.2.1. Aggregation 
Aggregates are secondary particles formed by combining organic and mineral 
particles. Soil aggregates are categorised by size, the main groups being 
microaggregates (< 250 µm) and macroaggregates (> 250 µm) (Tisdall and Oades 
1982). Microaggregates are primarily formed through the bonding of organic 
molecules to clay with polyvalent cations such as Si4+, Fe3+, Ca2+, and Al3+ acting as 
bonding agents. Macroaggregates can form through the accumulation of 
microaggregates (Edwards and Bremner 1967; Totsche et al. 2018). Alternatively 
macroaggregates can form as microbial activity breaks down particulate organic 
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matter to produce adhesive exudates that bind surrounding particles. Plant roots and 
fungal hyphae can also produce adhesive exudates that can bind soil as well as 
physically enmeshing particles (Six et al. 2004). These processes lead to a complex, 
heterogeneous substance that determines the functionality, productivity, and overall 
quality of the soil. The breakdown of soil structure limits the quality of the soil and 
can have detrimental environmental impacts.  
Aggregate stability is integral for maintaining soil porosity. Soil pores can range from 
< 100 µm to > 1000 µm including micropores and macropores (Stirzaker et al. 1996; 
Pagliai et al. 2004). The former can be classed as textural porosity and is usually 
located within aggregates and is more affected by soil texture than by soil 
management. The latter can be classed as structural porosity and comprise voids such 
as cracks, bio-pores, and anthropogenically induced macrostructures (a result of tillage 
for example). Structural porosity represents interconnected pathways that facilitate the 
movement of water into and through the soil (a mechanism called hydraulic 
conductivity) and is more sensitive to soil management practices and compaction than 
textural porosity (Guérif et al. 2001; Dexter 2004). Soil porosity is also required for 
gaseous exchange in the soil resulting from the respiration of micro-organisms and the 
decomposition of organic matter. Soil infiltration rates are dependent on soil hydraulic 
conductivity which determines how efficiently it can drain surface water.  
1.2.2. Soil degradation 
Studies show that the quality of our soils is rapidly declining and estimate that 
between 24 % (Bai et al. 2008) and 40% (Caspari et al. 2015) of the Earth’s land mass 
is already degraded to a moderate or high degree. Some soil degradation is a product 
of the soil characteristics and climate, however most has anthropogenic origins. 
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Current agricultural practices are widely understood to be a significant contributing 
factor to the poor state of our soil and intensification will only exacerbate this (Bai et 
al. 2008; Tscharntke et al. 2012; Gibbs and Salmon 2015; Lal 2015). When soil 
becomes initially degraded, practices are intensified to keep up with demand which, in 
turn, degrades the soil further in a self-perpetuating loop (Braun et al., 2013).Yet, soil 
degradation is not a contemporary or inconsequential issue. Indeed, entire previous 
civilisations failed to adequately manage otherwise fertile soil, contributing to their 
demise (Olson 1981; Lal 2009). As the Maya population grew, they were unable to 
maintain their sustainable crop rotations and kept up with demand by intensifying 
their agricultural practices that lead to catastrophic degradation and erosion of their 
soil (Beach et al. 2006). The Maya population so severely degraded the soil that even 
after 100 years of abandonment to the rain forest, the depleted soil has not yet 
recovered and still show signs of nutrient depletion (Olson 1981). More modern 
examples of catastrophic mismanagement of soil include the erosion of the American 
dust bowl and Russian steppes (Baveye et al. 2011). Many of the scenarios leading up 
to the failure of Mayan agriculture are being witnessed today, so it would be prudent 
to learn from our history and not follow in their footsteps. 
Soil degradation is the result of a complex, interlinked and multifaceted group of 
processes that result in the general decline of soil quality and productivity. 
Conceptually, soil degradation can be split into three categories: chemical, biological, 
and physical. Degrading processes are linked and can have cascading effects. If the 
causes are not alleviated, or if the symptoms are too severe that they cannot be 
mitigated, the process of degradation is a negative feedback loop that both increases 
soil degradation and its susceptibility to further degradation (Figure 1.1). 
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Chemical degradation is 
related to impacts on soil 
chemical properties that 
limit the availability of 
nutrients through the loss 
of soil nutrients or organic 
matter. Loss of nutrients 
can be caused by excessive 
mono-cropping (Horst and 
Härdter 1994) and nutrient 
leaching (of water soluble 
nutrients such as nitrogen 
and phosphorus) (Gärdenäs 
et al. 2005). Other 
processes such as salination and acidification are usually the result of poor irrigation 
practises (Rengasamy 2006; Guo et al. 2010) and can reduce the availability of 
nutrients such as phosphorus, calcium, magnesium, and potassium (von Uexküll and 
Mutert 1995). Soil with depleted organic matter are prone to other forms of 
degradation such as compaction and crusting which destroys structural pores that 
enable infiltration and increases runoff. Surface flow is one of the main mechanisms 
that facilitate soil erosion and leads to a further reduction of aggregate stability (Lal, 
2015).  
Biological degradation is often a consequence of chemical degradation as it relates to 
the reduction in the bio-diversity of the soil micro- and macro-organisms, which are 
essential for the breakdown and availability of nutrients as well as many other 
Figure 1.1. The downward spiral of soil quality as a result of some 
anthropogenic factors (redrawn from Lal, 2015). 
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beneficial qualities (Tilman et al. 1996; Maeder et al. 2002). Other causes can include 
drought, ploughing, and surface sealing (due to construction). Biological degradation 
also refers to the depletion of soil organic carbon pool which causes the emission of 
greenhouse gasses into the atmosphere and can make soil a net source as opposed to a 
net sink for CO2 (Lal 2003). All aspects of chemical and biological degradation limits 
the productivity of the soil, however, this thesis will focus on physical degradation. 
Physical degradation refers to the breakdown in soil structure and displacement of soil 
from its site of origin. The ecosystem services that soil provides rely on the 
maintenance of its structure. Good soil structure requires a complex network of 
interconnected pores. These pores are essential for nutrient transport, efficient soil gas 
regimes (to below-ground soil biota and from emissions from soil respiration), 
unimpeded passage of soil biota (such as plant roots, micro- and macro- organisms) 
and infiltration. The soil structure can be degraded by anthropogenic processes such as 
ploughing and the passage of machinery and livestock as well as processes that reduce 
the organic matter content in the soil. 
1.3. Soil erosion 
Soil erosion encompasses a three part process in which soil particles are detached and 
then transported away from their original location by erosive agents such as water and 
wind and deposited elsewhere (Morgan 2005), but water is the most prominent erosive 
force in Europe (Verheijen et al., 2009). With an estimated 56 % of arable land at risk, 
soil erosion is one of the main concerns resulting from soil degradation (Jankauskas et 
al. 2008). The implications of soil erosion are far reaching and estimated to cost the 
UK more than £460 million per year (Posthumus et al. 2015). The largest and most 
costly economic impact of soil erosion is the damage to property and other 
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inconveniences that come with increased flood risk and magnitude (Posthumus et al. 
2015). On-site effects result in farmers needing to apply increasing amounts of 
fertiliser to compensate for the loss of fertile topsoil, increased difficulty of working 
the land, and reduced rooting depth for crops (Evans and Nortcliff 1978; Lal 2009). 
The average rate of soil production is estimated to 114 ± 11 mm kyr−1 (Stockmann et 
al. 2014), however, this is highly variable and dependent on a plethora of 
environmental and physiological factors, including climate, topography, vegetation 
cover, land use, parent material, and hydrological cycles (Heimsath et al. 2001; 
Montgomery 2007). Nevertheless, in the short term soil is regarded as a 
non-renewable or finite resource (Doran 2002; McBratney et al. 2014; Lal 2015). 
However, in some places in the world, soil erosion is reaching rates 100 times greater 
than that of its production (Banwart 2011). 
The severity of soil erosion depends on the detachment force of runoff/raindrops, and 
the cohesive bonds in the soil (Laflen et al. 1991). For a particle to be displaced, the 
erosive force of water (its quantity and velocity) has to exceed that of forces keeping it 
stationary (its mass and bonds to the rest of the soil). Once soil particles have been 
detached, they are then transported down slope. Finer soil particles are preferentially 
transported over larger particles as they require less force to move, however, with 
greater erosive force comes the ability to move greater sizes of soil particles. The 
kinetic energy of water can be dissipated by increased surface roughness so that only a 
fraction remains for erosion (Pearce 1976). Thus, protruding stones/rocks and plant 
matter as well as topographical features in the soil (such as peaks and cracks) can 
reduce the velocity of surface flow and consequent erosive forces. With inter-rill or 
sheet erosion, the erosive force is spread across a large surface area of soil, so only 
small amounts of soil is lost from a wide area, but on slopes of increasing gradient, 
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runoff can develop into concentrated flow and score channels in the soil called either 
rills or gullies, depending on their size (Shi et al. 2012). Rills are commonly on a 
smaller but more numerous scale, whereas gullies are often much larger depressions 
(Gyssels and Poesen 2003). The erosion rate in rills and gullies far exceed that of 
sheet erosion because the kinetic energy of the flowing water is more focused into a 
smaller hydraulic radius thus producing a greater velocity (Morgan 2005). 
During rainstorms, soil pores get saturated and infiltration rates decrease. Once 
infiltration rates decrease below rainfall intensity, surface water will form (Horton 
1945). The infiltration capacity of soil is heavily dependent on soil texture and 
porosity. Soils consisting of large particles (such as sand) or stable macroaggregates 
generally have a more extensive network of pores and therefore a bigger infiltration 
capacity. The kinetics of the erosive force, in this case water, influences the severity 
of erosion, with increasing force comes a greater capacity to transport soil particles. 
The breakdown of aggregates also exacerbates soil erosion as it has already disrupted 
the bonds between soil particles making them easier to transport (Morgan 2005). 
1.3.1. Breakdown of aggregates by water 
The breakdown of soil aggregates is detrimental to soil quality and limits soil 
hydraulic conductivity thereby reducing its infiltration capacity and increasing its 
susceptibility to erosion (Figure 1.2). The breakdown of aggregate stability leads to 
the reduction of pore space, either due to the reduction in the internal strength of soil 
aggregates or by the infill of displaced particles. The reduction in soil porosity 
decreasing the rate at which water can be drawn down from the surface and 
consequently increase the amount of surface water and the risk of erosion. This 
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phenomenon directly reduces a soils effectiveness to supply ecosystem services such 
as food production and increases the risk of soil erosion (Oldeman 1994; Lal and 
Stewart 2012).  
The causes of aggregate breakdown by water are numerous and complex, but four 
distinct categories can be found: slaking, breakdown by differential swelling, 
physico-chemical dispersion due to osmotic stress, and breakdown by raindrops (Le 
Bissonnais 1996). The processes involved in the disaggregation of soil can range in 
scale from the dispersion of clay particles to the breakup of larger macroaggregates 
(Tisdall and Oades 1982; Oades 1984). Disaggregation processes are influenced by 
the quality of the soil inter-particle bonds, the kinetics of the breakdown process, soil 
physical properties (such as texture and cation exchange capacity), and the size, 
nature, and distribution of the causal mechanisms (Bresson and Boiffin 1990; Le 
Bissonnais 1996). The size of the resulting fragments and the intensity of the 
disaggregation process will determine how severe the implications are. 
Figure 1.2. Diagram showing the relationship between aggregate breakdown, crusting 
and erosion (redrawn from Le Bissonnais, 1996). 
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Slaking is caused by the internal pressure resulting from the compression of air 
trapped inside dry aggregates when rapidly wetted (Figure 1.3). The pressure exerted 
on the trapped air forces it out of the aggregate, destroying and dispersing soil 
particles in the process (Hillel 2008). The severity of slaking increases with the 
quantity of trapped air inside the aggregates and the speed at which wetting occurs, 
whereas aggregate stability reduces the risk of slaking (Loch 1994). Slaking usually 
acts on the pores of macroaggregates so the resulting fragments are usually 
microaggregates, with sizes increasing with the clay content of the soil (Chan and 
Mullins 1994; Le Bissonnais 1996; Ruiz-Vera and Wu 2006). Greater clay content 
means that the primary particles are larger and more resistant to slaking. However, as 
this process can break aggregates down into their component parts, its impact on 
infiltration can be severe as small particles can easily block pores.  
Differential swelling is the result of soils swelling when wet and shrinking again when 
dry and such cycles cause cracks to form in aggregates (Piccolo et al. 1997). The soil 
properties regulating disaggregation by this process are similar to those involved with 
slaking, such as speed of wetting/drying and aggregate stability. However, whereas 
the risk of slaking decreases with increasing clay content, the risk and severity of 
breakdown by differential swelling increases with increasing clay content. The greater 
Figure 1.3. The mechanisms involved with slaking. When the aggregate is dry (a), the pores are filled 
with air. As the aggregate is wetted, water starts to fill the pores and the trapped air is compressed and 
put under increasing pressure (b). The pressure of the trapped air continues to build until it exceeds the 
bonds of the aggregate, resulting in an explosive force that both destroys the aggregate and disperses 
the particles (c). 
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the clay content, the more susceptible to swelling the soil becomes (Ruiz-Vera and 
Wu 2006). The particle fragments resulting from breakdown due to differential 
swelling are usually bigger than the size of slaking and are restricted to soils with a 
large clay content so therefore have a lesser impact on infiltration (Le Bissonnais 
1996). Additionally, the swelling and shrinking of clay soils can increase the volume 
of pores in the soil facilitating infiltration (Chertkov and Ravina 1999). 
Aggregation of clay particles in soil is largely controlled by the chemical bonds 
resulting from the polarisation of clay particles (faces are negatively charged, whereas 
the edges are positively charged). The polyvalent cations in the soil facilitate the 
aggregation of clay particles, however, the hydrated cations in water often have 
smaller charges and are more effective at dispersion than flocculation (Chibowski 
2011). Physico-chemical dispersion is essentially the reduction of chemical 
attractiveness between the elementary particles making up the soil aggregates (Lagaly 
and Ziesmer 2003). The size and valance of the cations in the soil and water will 
determine the severity of dispersion. Physico-chemical dispersion of soil particles 
disaggregates soil at a molecular level, resulting in very small fragments that can 
easily block pores (Bresson and Boiffin 1990). 
The speed at which raindrops hit the soil is determined by their size and consequent 
terminal velocity. The size of a raindrop can range from 0.1 mm to 5 mm (Marshall 
and Palmer 1948). Thus, the terminal velocity of a raindrop 5 mm in diameter will be 
9 m s−1 at impact with the soil (Udoimuk, et al. 2013). Repeated exposure of this can 
have an incredible impact on soil. When droplets hit the soil, the compressive force of 
the falling water is redirected laterally at flow velocities eight times greater than the 
velocity of impact (Engel 1955), referred to as the splash effect. Thus, the initial 
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impact of raindrops break up soil aggregates, then dislodge and disperse the resulting 
fragments (Nearing and Bradford 1985). Dispersed fragments can travel up to 1.5 m 
away from their original location (Al-Kaisi and Licht 2005). However, increasing 
surface water will dissipate the erosive force of raindrops (Torri et al. 1987). Due to 
the forces achieved by raindrops, they can disrupt large and stable aggregates and the 
resulting fragments can be reduced to small microaggregates or elementary particles 
(Le Bissonnais 1996). Thus, disaggregation by raindrops can have severe impacts on 
infiltration and other ecosystem system services that rely on the stable network of soil 
pores. 
1.3.2. Soil crusts 
As mentioned above, the breakdown of aggregates can block pores, negatively 
impacting infiltration rates and other ecosystem services that rely on the existence of a 
structured pore network. However, another consequence of disaggregation is the 
formation of surface crusts (Valentin 1991). Soil crusts form in two ways. Structural 
soil crusts result from the gradual coalescing and packing of small microaggregates 
and particles derived from passive disaggregation processes such as slaking (as 
mentioned above). Depositional or sedimentary crusts are formed as fine soil particles 
and microaggregates are preferentially sorted through dispersion (from raindrops) or 
sedimentation (under waterlogged conditions). Structural crusts are normally rapidly 
formed during initial wetting whereas depositional crusts coincide with water levels 
required for erosion (Le Bissonnais 1996). Disaggregation accelerates the formation 
of crusts under both scenarios as it reduces the mean size of soil aggregates and 
consequently crusting is influenced by the same properties as disaggregation, such as 
the quality of soil inter-particle bonds, kinetics of dispersion processes, and soil 
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physical properties (Le Bissonnais 1996). Soils with greater clay contents are more 
susceptible to the development of crusts. 
1.3.3. Mass movement of soil 
Mass soil wasting events occur when soil fails on a shear plane and can range in scale 
from riverbanks to entire mountainsides. Small scale events can increase 
sedimentation of rivers, whereas large scale events can destroy properties and cause 
loss of life. Landslides, like most erosive processes, are a result of hydraulic pressure 
causing soil to succumb to gravity. Put simplistically, landslides occur if the shear 
strength of the soil is surpassed by the shear stress exerted on the soil. The weight of 
the soil and the pull of gravity are the main stressors acting on a sloped soil and the 
added weight of rainwater from a storm event is often the catalyst for a mass wasting 
event. In this case, the added weight of precipitation exploits a layer of weakness (a 
failure plane) in the soil and detaches sheets of soil (Iverson 2000). However, mass 
wasting events can also be caused by overloading of other kinds (such as 
development) and through shakes and tremors (a result of tectonic movement or 
anthropogenic causes such as explosions or large machinery). Ground water incursion 
can also form a layer of weakness that can be exploited by shear stresses (Záruba and 
Mencl 2014). As well as spatial scales, mass soil wasting events can occur in a range 
of temporal scales, from the dramatically fast flowing landslips to the slower paced 
soil creep. The susceptibility of a soil to erosion can be reduced by either internally 
promoting aggregate stability or introducing soil reinforcement. 
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1.4. Plant mitigation of soil erosion 
1.4.1. Plant canopies and stems 
 Much research has investigated the effects of above-ground plant biomass on soil 
erosion. Vegetation has widely been credited with dampening the impact of water on 
soil, thus limiting soil erosion (Mohammad and Adam 2010). Vegetation cover can 
intercept raindrops reducing the dispersion of soil particles by up to 80% compared 
with bare soil (Mills and Fey 2004). Plants can reduce the amount of surface water, 
thus reducing its erosive force, by storing rainwater in the canopy delaying or 
preventing it from reaching the soil surface (Hall and Calder 1993). Furthermore, they 
can reduce the amount of water in the soil by evapotranspiration, allowing greater 
infiltration during rainfall events (Jobbágy and Jackson 2004). When rainfall events 
occur at such intensity that surface water is produced, plant stems can act as physical 
barriers, increasing surface roughness and dampening concentration flow and limiting 
erosive forces (Fasching and Bauder 2001; Melville and Morgan 2001; Xiao et al. 
2011; Lambrechts et al. 2014; Mekonnen et al. 2016; Li and Pan 2018). Additionally, 
plant derived organic matter facilitates aggregate stability, which in turn benefits soil 
structure and infiltration (Martens and Frankenberger 1992). However, recent research 
emphasises that plant roots can prove more influential in mitigating soil erosion than 
the above-ground matter (Prosser et al. 1995; Ghidey and Alberts 1997; Mamo and 
Bubenzer 2001a; De Baets et al. 2006; Zhou and Shangguan 2007, 2008; Burylo et al. 
2012). 
1.5. Root mitigation of soil erosion 
Although dense grass stems significantly reduced surface erosion by increasing flow 
resistance, following their removal the remaining dense root matting prevented 
erosion from scouring further than 0.7 mm deep, even after a prolonged period of 
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concentrated surface flow (Prosser et al. 1995). Generally, the ability of roots to 
impact aggregate stability and soil erosion can be summarised into two key concepts. 
Firstly, mechanical reinforcement provided by the roots bind the soil, providing 
physical support for structural pores and anchor the aggregates together. There is a 
strong negative relationship between increasing biomass and sediment yield (Gyssels 
et al. 2005; Vannoppen et al. 2015). Living and decaying root matter can contribute 
up to 2.3 times more organic matter than above-ground biomass (Kätterer et al. 2011) 
having a greater effect on aggregate stability (Li and Li 2011). Thus roots facilitate 
structured water pathways that reduce overland flow and the risk of displacing soil 
particles. Secondly, the chemical reinforcement resulting from root exudates act as 
soil binding agents, forming hydrophobic barriers between soil particles that maintain 
aggregate stability. Roots and their exudates also attract micro-organisms that 
contribute further to the chemical soil binding agents (Swaby 1949; Gyssels and 
Poesen 2003). It is a testament to the ability of roots to reinforce the soil that they are 
frequently used in models to assess slope stability (Dietrich et al. 1995; Gyssels et al. 
2005; Stokes et al. 2009). 
Anchorage is one of the main mechanisms by which plants reinforce the soil. Ennos 
(1989) explains that the anchorage ability of a root is a result of a complex balance 
between forces. The strength of the soil and roots as well as their level of adhesion are 
the key factors determining the resistance to shear stress. If the strength of the 
root-soil bond and the tensile strength of the root is greater than that of the soil’s 
structural strength, the fracture zone will travel the length of the root until it is pulled 
out. If the root-soil bond and soil strength is greater than that of the root, the failure 
front will travel down the root in equilibrium until the shear strength outweighs the 
tensile strength of the root, in which case the root will break (Pollen 2007). The 
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characteristics of different roots, such as diameter, branching and orientation lend 
themselves to different aspects of reinforcement. The perpendicular protrusions of 
lateral roots form a dense matting in shallow soils. Though small in diameter, the 
branching lateral roots enmesh the soil dispersing the fracture zone and increasing the 
pull out resistance of the root and, by association, the in-plane tensile strength of the 
soil (Anderson et al. 1989; Stokes et al. 1995; Zhou et al. 1998). Axile roots are larger 
in diameter and can withstand greater forces than lateral root. Vertical axile roots 
cross failure planes anchoring the dense lateral root mats into the deeper and more 
stable soil. The anchorage capability of roots increase with length up to a critical 
breaking point which is largely determined by root diameter and structure (Ennos 
1989, 1990). 
1.5.1. Fine roots 
There are large gaps in the understanding of fine root function, due largely to the 
arbitrary diameter classification homogenising all roots < 1-2 mm and sometimes 
< 3 mm in a non-uniform terminology (Gyssels et al. 2005). In cereal crops, two 
easily distinguishable subcategories of fine roots have been identified. The first 
category includes the larger seed-derived seminal roots and stem-derived nodal roots 
and brace roots (hitherto referred to as axile roots). The second category consist of 
thinner roots derived from lateral branches (hitherto referred to as lateral roots). 
Lateral and axile roots have distinctive functionality. Axile roots have a low mortality 
rate and are relatively slow growing, whereas lateral roots tend to make up the 
majority of the root mass, developing quickly in response to available nutrients. 
However, these are more ephemeral, dying off when no longer needed (Drew 1975; 
Cahn et al. 1989). Their divergent functions are also evident from their differing 
morphologies. Lateral roots have a greater capacity for water absorption; whereas 
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axiles are more equipped to transport water and nutrients absorbed by the laterals 
(Varney et al. 1991; Doussan et al. 1998; Carminati 2013; Ahmed et al. 2015). 
Although lateral and axile roots vary in their traits, their relative impact on soil 
erosion has not yet been evaluated. 
1.5.2. Root hairs 
Though studies have identified a relationship between roots and their ability to affect 
soil degradation and erosion, little is known about how root traits, such as root hairs 
and mucilage, contribute to this phenomena. Root hairs play a significant part in 
binding soil particles to the root. Root systems with longer, denser root hairs bind 
more soil particles, thus increasing rhizosheath diameter, more so than root systems 
with lesser root hairs (Watt et al. 1994; Haling et al. 2014; George et al. 2014). The 
soil that remains adhered to the root after extraction is called the rhizosheath and root 
hairs are integral to its formation (McCully 2005; Ma et al. 2011; Brown et al. 2017; 
Pang et al. 2017). Several studies comparing the rhizosheath forming capacity of root 
Figure 1.4. Image of root hairs (a) and lateral roots (b) on a maize axile root (c) of a maize root. 
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systems with and without root hairs have shown that root hairs can account for more 
than 80 % of the soil bound to the roots (Haling, Richardson, et al. 2010; George et al. 
2014; Brown et al. 2017). Species that are naturally void of root hairs, such as several 
species from the Allium genus, do not form a rhizosheath (Brown et al. 2017). 
A root hair is a tubular protrusion from a root’s epidermal cell (Figure 1.4). They are 
present on all major groups of vascular plants which signifies a long evolutionary 
history and indicates a link between root hairs and a plant’s ability to cope with a 
changing environment (Peterson and Farquhar 1996). Their development is initiated 
by the unequal division of cells in the meristematic zone called trichoblasts and 
atrichoblasts. All atrichoblasts have the potential to elongate perpendicular to the root 
and form root hairs. Depending on the species, the diameter of root hairs can be 
between 5 µm and 17 µm, the length can be as long as 1500 µm or as short as 80 µm, 
with no correlation between the length and width (Dittmer 1949). Root hairs cover 
most fine roots and can account for as much as 77 % of the total surface area of a root 
system (Parker et al. 2000) and their total length is 20 times that of the larger root 
system (Wulfsohn and Nyengaard 1999). The physiological significance of root hairs 
has only recently been investigated.  
Root hair characteristics are determined by the species, as previously mentioned, but 
also by environmental factors (Datta et al. 2011), such as nutrient (Nestler et al. 2016) 
and water availability (Haling et al. 2014), as well as soil structure. Root hair growth, 
as with other roots, is restricted by increased soil strength resulting in shorter length 
(Haling et al. 2014). However, root hairs compensate for increased mechanical 
impedance by increasing in number (Misra and Gibbons 1996). This reaction may be 
because root phytohormonal responses to mechanical impedance also regulate root 
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hair growth (Kays et al. 1974; Dolan 1997; Pitts et al. 1998). Indeed, greater soil 
mechanical impedance stimulated root hair growth in a barley mutant (NRH) that 
otherwise would not have produced root hairs (Haling et al. 2014). When comparing 
root hair traits between soil and solution cultures, root hairs are more abundant when 
the roots were in contact with the soil (Mackay and Barber 1984) and root hairs 
lengthen as soil aggregate size increases (Misra et al. 1988). Therefore, many 
environmental factors affect root hair proliferation, and soil penetration resistance is a 
prominent factor. 
One of the main functions of root hairs is believed to be providing roots with 
anchorage. Root hairs are initiated immediately behind the root elongation zone 
(Bertin et al. 2003). The theory behind this is that root hairs anchor the growth tip 
allowing it to penetrate the soil without deforming the rest of the root or pushing the 
plant from the soil (Bengough et al. 2011; Haling et al. 2013). Root hairs are much 
smaller in diameter than their parent roots, allowing them to penetrate pore spaces that 
other roots cannot access (Rasse et al. 2005). Further to this, Bengough et al. (2016) 
found that seedlings with root hairs are more efficient at establishing themselves in the 
soil and required five times the force to pull out than seedlings without root hairs. 
Other research has also noted cohesive forces of root hairs (Stolzy and Barley 1968; 
Ennos 1989; Czarnes et al. 1999). Since root hairs are so strongly associated with root 
anchorage, it is logical to assume that they also reinforce the soil they are anchored to. 
Adhesive bonds within rhizosheath soil can be so strong that they can resist sonication 
(Brown et al. 2017) and rhizosheaths can remain intact in a field setting long after the 
root has died (Williams and Weil 2004). Though not explicitly connected with soil 
stability the presence of root hairs significantly increases the amount of soil that a root 
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can bind. However, studies involving root hairless mutants report that roots void of 
root hairs still can bind soil, albeit at a far reduced amount, showing that there are 
other factors involved in rhizosheath formation (Haling, Richardson, et al. 2010; 
George et al. 2014; Brown et al. 2017).  
1.5.3. Mucilage 
Root exudate is a term that encompasses the total range of compounds released by the 
root system. The exact composition differs between species, but exudates include a 
range of compounds, including those that have no apparent function except as waste 
products of internal metabolic processes and others that aid external processes, such as 
root lubrication and facilitation of nutrient uptake (Bertin et al. 2003). Polysaccharides 
are the molecules in root exudates that are most associated with soil aggregation and 
rhizosheath formation, and are collectively referred to as root mucilage. Their 
gelatinous glue-like consistency is well known to bind soil particles together (Morel et 
al. 1991; Piccolo and Mbagwu 1999; Czarnes, Hallett, et al. 2000; Galloway et al. 
2018). As root mucilage binds soil it can form hydrophobic barriers that aid water 
retention at the soil-root interface (Young 1995; Carminati et al. 2010). However, not 
all substances in root exudates are adhesive (Read et al. 2003; Akhtar et al. 2018). 
Organic acids have been linked to the dispersion of soil particles, and limit soil 
aggregation (Oades 1984; Goldberg et al. 1990; Read et al. 2003; Naveed et al. 2017), 
but are believed to increase the availability of root accessible phosphate and 
micronutrients in the soil solution (Hinsinger 2001). Thus, root exudate composition 
can readily alter the interactions at the root-soil interface depending on the plants 
water and nutrient uptake strategies. 
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1.6. Thesis structure, aims and objectives 
This thesis aims to understand whether various root traits contribute to soil 
reinforcement and erosion mitigation. There is currently limited knowledge relating to 
the impact of root hairs and root exudates on soil reinforcement. Both can potentially 
bind and anchor soil in close proximity to the root, e.g. the rhizosheath soil, but 
neither have been assessed in their ability to aid the root in mitigating soil erosion on 
larger scales. To evaluate this, mutants lacking root hairs were compared to their 
respective wild-types (root hairs present) and subjected to various erosion 
environments across different spatial scales: 
Chapter 2 will aim to understand which root traits, including root hairs and exudates, 
most influence a plant’s ability to bind soil and form a rhizosheath, using individual 
plants grown in pots. 
Chapter 3 will assess whether the traits identified above as having a significant impact 
on rhizosheath formation also reinforce soil under shear stress, again using individual 
plants grown in pots. 
Chapter 4 will utilise a laboratory rainfall simulator and multiple plants grown in a 
mesocosm to assess whether the ability to bind soil on a small scale translates to 
mitigating soil erosion under rainfall conditions. 
Chapter 5 will assess whether any of the observations made under laboratory settings 





Chapter 2. Root hairs are the most important root trait for 
rhizosheath formation. 
2.1. Introduction 
2.1.1. Rhizosheath history 
Reportedly first described as a “peculiar sheath” by Volkens (1887), the rhizosheath 
has since been defined as the soil that remains adhered to the root after the root has 
been extracted from the bulk soil (McCully 2005; Ma et al. 2011; Brown et al. 2017; 
Pang et al. 2017). This differs from the rhizosphere, which is a spatially and 
temporally varying area of influence around the root (Hinsinger et al. 2005). 
Rhizosheaths were first thought to only be a trait of grasses in sandy, arid 
environments (Price 1911; Bristow et al. 1985), a misconception that has persisted and 
constrained much of the rhizosheath research carried out to date (Moreno-Espíndola et 
al. 2007; Bergmann et al. 2009; Shane et al. 2010; Hartnett et al. 2013; Benard et al. 
2016). However, rhizosheaths have since been reported in a multitude of climates 
(Smith et al. 2011), soil types (Haling, Simpson, et al. 2010; Pang et al. 2017) and on 
the roots of many species, including cacti (Huang et al. 1993; North and Nobel 1997), 
legumes (Sprent 1975; Unno et al. 2005), cereal crops (Watt et al. 1994; Ma et al. 
2011), and many others (Brown et al. 2017). The almost ubiquitous nature of the 
rhizosheath implies it is of physiological significance to plants and a fundamentally 
important root trait. 
2.1.2. Rhizosheath formation 
Rhizosheath formation is predominantly dependant on root traits such as the presence 
of root hairs (Watt et al. 1994; Haling et al. 2014; George et al. 2014), and root 
mucilage (Watt et al. 1994; Albalasmeh and Ghezzehei 2013; Carminati et al. 2017). 
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However, soil features such as strength, porosity (Haling et al. 2014), and water 
content (Watt et al. 1994; Czarnes, Dexter, et al. 2000; Haling et al. 2014) can 
influence the process. Soil biota associated with the root system can also contribute to 
rhizosheath formation via microbial-derived mucilage (Watt et al. 1993; Czarnes, 
Hallett, et al. 2000) and the enmeshing of soil hyphae from mycorrhizal fungi (Degens 
1997; Moreno-Espíndola et al. 2007). Thus biological, chemical and physical 
interactions in the rhizosphere contribute to rhizosheath formation (McCully 1999). 
2.1.3. Function 
The capacity of the rhizosheath to protect the root against drought stresses has been 
observed for over 100 years (Price 1911). Recent studies have shown that rhizosheaths 
alter the water dynamics in the soil proximal to the root. The rhizosheath soil is more 
protected against shrinkage than the bulk soil resulting in fewer large gaps thus 
protecting the root from the high hydraulic resistance that air pockets cause (North 
and Nobel 1997; Koebernick et al. 2017), facilitating unimpeded movement of water 
throughout the root zone, however the barriers themselves can offer some resistance 
(Benard et al. 2016). Other studies have shown that the rhizosheath can not only 
decrease hydraulic resistance during rewetting, but rhizosheath properties help to 
retain water close to the root when the bulk soil is drying (Carminati et al. 2010). 
These traits generally result in the rhizosheath soil having a greater water content than 
in the bulk soil (Young 1995). In addition to relieving drought stresses, rhizosheath 
soil has been associated with alleviating nutrient deficiencies. Rhizosheaths can 
perform these functions because they alter the surrounding soil and maintain close 
contact at the soil-root interface (McCully 1995). 
By maintaining close soil bonds at the root surface, the rhizosheath also reinforces the 
soil. As well as the added benefits to the roots, this enables the rhizosheath to provide 
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structure and stability to the soil (Watt et al. 1993; Czarnes et al. 1999; Czarnes, 
Dexter, et al. 2000; Ola et al. 2015; Brown et al. 2017). The stability of a rhizosheath 
has been reported to outlive the original root, leaving pathways for future root or 
water infiltration (Williams and Weil 2004). Stabilisation of soil can prevent 
degradation and maintain the productiveness and fertility of agricultural soils. 
2.1.4. Formation 
Root hairs are single celled cylindrical protrusions from the root epidermis of most 
plant species (Dolan and Costa 2001) and are a key component in rhizosheath 
formation. Root hair length is often deemed to determine the radial extent of the 
rhizosheath (Wullstein and Pratt 1981; Delhaize et al. 2015). They enmesh the soil 
particles and penetrate aggregates, further securing them to the root (Hinsinger et al. 
2009; Brown et al. 2012). However, root hair length becomes less correlated with 
rhizosheath with increasing length (Brown et al. 2017) and roots void of root hairs can 
still form a deficient version of a rhizosheath (Wen and Schnable 1994; Haling, 
Simpson, et al. 2010; Haling et al. 2014; George et al. 2014), showing that other root 
traits are involved in rhizosheath formation. 
Root mucilage is also deemed a necessary feature in rhizosheath formation. Root 
mucilage is a sticky polysaccharide-rich gel-like substance secreted from the root 
epidermis (Bertin et al. 2003; Akhtar et al. 2018). All parts of the root system produce 
mucilage, though the composition and quantity varies between species (Vančura and 
Hanzlíková 1972; Fan et al. 2001). Root hair mucilage is chemically dissimilar to that 
produced by the main root (Pena et al. 2012; Muszyński et al. 2015). Hydrated root 
mucilage permeates soil particles and, when dry, forms hydrophobic bonds between 
particles (Carminati et al. 2010; Albalasmeh and Ghezzehei 2013). At low 
concentrations, thin filaments are formed, but with increasing mucilage concentration, 
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these filaments can become a network of stable barriers (Carminati et al. 2017). At 
artificially high quantities, mucilage can form such a comprehensive network of 
hydrophobic barriers that they can impede the passage of water (Benard et al. 2016). 
Due to the innate complications involved with harvesting root exudates from the soil 
(Oburger and Jones 2018) and the difficulties associated with observing root hairs in 
situ (Gyssels et al. 2005; Koebernick et al. 2017), direct comparisons are hard to find. 
Additionally, root hair traits differ greatly between species (Brown et al. 2017) and 
even show variation between different root types of the same root system (Dittmer 
1949) as does the composition of root mucilage (Foster 1982; Pena et al. 2012; 
Muszyński et al. 2015). For these reasons, the effects of root mucilage and root hair 
traits on rhizosheath formation have not been compared in unison. This paper aims to 
combine methods previously used in isolation to quantify and compare the relative 
contribution of root hairs and root exudates to rhizosheath formation. This study will 
compare the rhizosheaths of root hairless mutants from three species [barley 
(Hordeum vulgare L.), maize (Zea mays L.), and Lotus japonicus (Gifu)], with their 
respective wild types (WT) with root hairs. Moreover, root hairs and exudates from 
different root orders will be investigated to determine intra-species variation in 
rhizosheath formation.  
2.2. Materials and methods 
2.2.1. Genotypes  
The three mutants used in this experiment have different origins. The barley root 
hairless mutant is a spontaneous mutation with its genetic background in Pallas, a 
spring barley cultivar. It was discovered during a germination experiment by 
Gahoonia et al. (2001) and aptly named bald root barley (brb). Conversely, the maize 
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mutant, rth3 (Wen and Schnable 1994) and the L. japonicus mutant, Ljrhl1(Karas et 
al. 2005) are the result of complex processes to isolate specific genes. 
2.2.2. Germination and growth 
Lotus japonicus seeds were first carefully scoured using sand paper and the maize 
seeds were initially sterilized using 10 % bleach for 5 minutes, then rinsed thoroughly 
with deionised (DI) water. Sterilization was unnecessary for the barley and 
L. japonicus seeds because of low levels of microbial contamination. Once sterilised, 
the maize seeds, as well as the barley seeds, were germinated in petri dishes 
containing two sheets of filter paper (Whatman no. 3) moistened with 5 ml of DI 
water, then left in the dark for approximately 3-5 days at room temperature 
(approximately 20 °C). The L. japonicus seeds were germinated in the soil of the 
filled pots, approximately five seeds per pot, and covered with foil until emergence at 
which point the seedlings were thinned out to one shoot per pot. The barley and maize 
seedlings were transplanted into pots when the radicles were of sufficient length to 
establish that the root hairs were visually apparent on WT plants and visually lacking 
in the hairless mutant. Due to the heterozygous1 nature of the rth3 seeds, the seedlings 
were assessed under a dissecting microscope to exclude any that had root hairs 
present. Since the brb and Ljrhl1 mutants are homozygous2 mutations, root hair 
presence did not need to be scrutinised. 
After germination and the presence/absence of root hairs was established, the barley 
and maize seeds were planted 1 cm deep in 4 litre pots (22 cm tall, 17 cm top 
diameter, 13.5 cm bottom diameter), while L. japonicus seeds were germinated on 1.5 
litre pots (10.8 cm tall, 15.5 cm top diameter, 11 cm bottom diameter). The soil used 
                                                 
1 Seeds contain the mutated and the WT DNA sequence 
2 Seeds contain only the mutated sequence of DNA  
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was a sandy loam textured topsoil (Bailey’s of Norfolk LTD; 12 % clay, 28 % silt, 
60 % sand and 3 % gravel D50 6 mm, no particles greater than 8 mm, this soil is used 
throughout this thesis) packed at an approximate bulk density of 1.3 g cm−3. The soil 
was watered and left to drain until dripping ceased (approximately 48 hrs). At this 
time, the weight of each pot was recorded as their drained capacity (DC). Each pot 
was rewetted to DC every second day, allowing for the wetting-drying cycles 
necessary for rhizosheath formation (Carminati et al. 2010; Albalasmeh and 
Ghezzehei 2013). Lotus japonicus plants transpired less water so were rewetted every 
2-3 days. Water was withheld for up to three days before harvest to facilitate the 
effective excavation of the rhizosheath. The plants were cultivated in a walk-in 
controlled environment (CE) room, set at 24 °C during the day and 19 °C at night with 
a 12 hour photoperiod. 
Each experiment comprised 20 replicates of each genotype, with five harvested on 
four occasions. For barley and maize these were 5, 10, 15 and 20 days after the 
seedlings were transplanted into pots. For the much slower growing L. japonicus, 
plants were harvested 32, 44, 58 and 71 days after seed germination. 
2.2.3. Quantifying rhizosheath weight 
At harvest, the whole plant was systematically extracted from the soil, whilst 
minimising soil disturbance to retain root-soil contact, as previously described (Young 
1995; Veneklaas et al. 2003; Ma et al. 2011; Haling et al. 2014; Pang et al. 2017). The 
entire root system was then soaked in a metal dish filled with water and gently 
agitated until the rhizosheath separated from the root (Figure 2.1a). Larger aggregates 
were fragmented using a paint brush and a wash bottle. Immediately after extraction, 
all root material was sealed, moist, in a plastic bag and stored at 4°C for later analysis. 
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The dish was then placed in a drying oven at 105°C to drive off excess water and the 
rhizosheath weight was recorded after a constant weight was established.  
2.2.4. Root measurement 
Root systems were scanned within five days of being extracted from the soil, to avoid 
any visual physical degradation. Roots were placed in a clear plastic tray with a thin 
film of water and splayed to avoid as much overlap as possible (Figure 2.1b). It was 
sometimes necessary to separate a single root system into multiple scans. Images were 
produced as .tiff files in 8-bit grayscale and at a resolution of 600 DPI for barley and 
L. japonicus, and 400 DPI for maize. For barley and maize, images were captured 
using an Epson Perfection V700, for L. japonicus an Epson Expression 11000XL Pro 
with transparency unit was used. Root length was analysed using WinRHIZO (2013e, 
Regent Instruments Inc.; Figure 2.1c). Debris with a width to length ratio less than 4 
were excluded.  
In this thesis, the terms axile and lateral roots are respectively defined as shoot/seed- 
and root-derived roots (McCully 1999). For L. japonicus axile roots include the tap  
Figure 2.1. Determining rhizosheath weight and root length. First (a), the rhizosheath soil is washed 
from the whole root system which then gets oven dried to establish rhizosheath weight. Then (b), the 
roots are splayed out in a clear tray and scanned. The resulting images (c) are analysed in WinRHIZO. 
The colours on the scanned image represents how appropriate diameter classes can differentiate between 




Figure 2.2. Root diameter thresholds distinguishing lateral from axile roots of, barley (a), maize (b), 
and L. japonicus (c) are depicted by the vertical line. Each marker represents the total root length in the 
diameter class. The dashed line depicts the actual data and the solid line represents a second degree 
polynomial model. Each species had a different diameter distribution so weightings were adjusted 
accordingly with a neighbourhood weighting of 20% for barley, 40% for maize, and 10% for 
L. japonicus. The diameter threshold were also assessed visually in WinRHIZO to ensure they 
accurately distinguished the root types. 
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root and any root derived from the tap root. Axile and lateral roots were distinguished 
by their diameter using the method developed by Hund et al. (2009). In WinRHIZO, 
root length was grouped in units of diameter, the unit increments were determined by 
the size of one pixel, 31.7 µm for 600 DPI and 63.5 µm for 400 DPI. The root data for 
all harvests were then combined and a second degree polynomial model, was fitted to 
the data using the loess smoothing function in MATLAB (R2017b) to reveal the 
two peaks of lateral roots and axile roots (Figure 2.2). The diameter that best 
distinguishes the two root types is represented as the lowest point in the trough 
between two peaks; 253.6 µm for barley (Figure 2.2a), 635.0 µm for maize (Figure 
2.2b), and 380.4 µm for L. japonicus (Figure 2.2c). The maize threshold is consistent 
with previous findings (Hund et al. 2009), which puts the threshold for their maize 
cultivar at 650 µm. Absolute growth rates of both axile and lateral roots were 
calculated by dividing the average growth per harvest by the number of days after 
germination and expressed as an average across all four harvests.  
2.2.5. Root hair measurements 
Barley and maize WT genotypes were germinated and grown using the same methods 
and environments as previously mentioned. The slow growth rate of L. japonicus was 
not compatible with the experimental constraints. Wild type seeds were grown in 
1.5 litre pots (dimensions as before) containing the sandy loam textured topsoil as 
previously mentioned. After three weeks of growing under well-watered conditions, 
the roots were removed from the soil and gently washed to remove soil particles 
whilst keeping the root hairs intact. 
The roots were then photographed at 25x magnification using a camera (GX Optical 
GXCAM-H5) attached to a dissecting microscope. For barley 4 axiles and 6-7 lateral 
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roots were selected from each plant. The lateral roots were photographed every 
centimetre from the tip and the axile roots were photographed every 4 cm. For maize, 
4-5 axile roots (representative of axile, primary and crown roots) were selected from 
each plant and 4-6 lateral roots. Both axile and lateral roots were photographed every 
4 cm from the tip. Each species had four replicates. The subsequent images were then 
converted to 8 bit greyscale using Gimp 2.6.0. The brightness and contrast were also 
altered to counter the differing brightness of the images. 
To establish average root hair length, ten root hairs were measured in each image 
using the line measuring function in ImageJ (Brown et al. 2017). WinRHIZO was 
used to measure the length of both the root hairs and the origin root. Due to the 
gradation of the illumination, the root-background threshold had to be manually 
adjusted for each image. Root hair length density (RHLD) was calculated by dividing 
the total length of root hairs by the length of the origin root segment. 
2.2.6. Soil adhesion assay 
This method was adapted from Akhtar et al. (2018). Seeds were germinated directly 
into Rockwool that were kept in a reservoir of 100 % Hoagland’s solution. Four seeds 
for each of the barley and maize genotypes were used, again L. japonicus was 
excluded from this experiment due to its slow growth rate. When the roots were 
deemed long enough to reach the hydroponic solution (23 days) the plants were 
transferred to 5 litre aerated buckets filled with Hoagland solution, 50 % strength for 
barley and 100 % for maize. 
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After a further 25 days of growth, root exudates3 were harvested in 50 ml Falcon tubes 
filled with DI water and suspended from the buckets’ plastic covers, two per bucket. 
Some axile roots were isolated in one of the tubes and some laterals in the other 
leaving most of the root system with access to the nutrient solution (Figure 2.3). A 
control tube containing only DI water was also placed in half of the bucket to ensure 
no cross contamination occurred. The roots were left in the tubes for 4 days, topping 
up the DI water as needed. 
After removing the tubes, the contents were filtered through filter paper (Whatman 
no. 3) to remove large root particles and then frozen. After lyophilising the samples to 
remove the water, the exudates from each replicate was consolidated into one. 
Exudates from each root were diluted into 4 aliquots (50 µg/5 µl, 25 µg/5 µl, 
10 µg/5 µl and 1 µg/5 µl) and applied in triplicate onto a dry nitrocellulose membrane 
sheet (Amersham Protran 0.45 µm, Fisher Scientific, UK). Each 5 µl drop was placed 
within a 1 cm grid. The nitrocellulose sheets were then placed in aluminium dishes 
and left to air-dry for at least 1 hour before being re-wetted with DI water and covered 
                                                 
3 Previously, this paper has referred to root mucilage as the compound that binds soil particles together 
in the rhizosheath. However, root mucilage includes only the polysaccharide rich secretions and the 
root produces more substances than just mucilage (Bertin et al. 2003). This methodology cannot 
separate these component parts so it is more accurate to refer to the substance collected as root exudate 
as this encompasses all the molecules and cells secreted by the root.  
Figure 2.3. Shows the method of collecting root exudates. Two 50 ml falcon tubes were suspended from 
the bucket lid (a) and axile and lateral roots were isolated into each of the tubes (b). 
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with approximately 1 cm of air-dried soil (as previously mentioned), sieved to 
≤ 500 μm. The lid was then placed on the dishes and the nitrocellulose sheet left to dry 
over-night, with their soil covering. When dry, excess soil was shaken off and the 
nitrocellulose sheet submerged in DI water for two seconds, twice, to remove any 
extra soil not adhered. Each sheet was then recovered and left to air-dry. 
Images of the soil adhered sheets were made using the A3 scanner previously 
mentioned at 1200 DPI and in 8-bit grey scale. The soil adhered to each spot was 
analysed using Image J. Mean grey scale value was used to determine how much soil 
adhered to the nitrocellulose sheet. Mean grey scale value was then converted into soil 
weight using a calibration curve developed using drops of Gum tragacanth (G1128, 
Sigma-Aldrich) at a dilution of 50 µg/5 µl to adhere varying amounts of soil onto 
small pieces of nitrocellulose sheets, and weighing the sheets before and after 
applying soil. 
2.2.7. Statistical analysis 
Analysis of co-variance (ANCOVA) assessed the differing abilities of the genotypes 
to bind soil, with rhizosheath as the main effect and root length as the covariate. 
ANCOVA was also used to determine if there were differences between the root 
length and root hair traits of the different root types, with root hair length as the main 
effect and root length as the covariate. Two-way analysis of variance tested whether 
the relative root lengths of the genotype were statistically different. Absolute root 
growth rate (AGR) was calculated as follows: 






Where 𝛿𝐿 is the change in total length of the root and 𝛿𝑡 is the elapsed duration of 
growth. Data from multiple harvests were used to calculate AGR so root length was 
plotted against time and the slope of the trend line was regarded as AGR. 
To assess the impact of each root type on rhizosheath formation, a linear model was 
fitted to the data of each species using the MATLAB function fitlm. To avoid the 
issue of auto-correlation, each predictor variable was modelled individually, so three 
models per species were created: with genotype, axile, and lateral root length as 
predictor variables, and rhizosheath weight as the response variable. The models 
calculated effect sizes, which were compared to establish their relative contributions 
of each root trait to rhizosheath formation. 
2.3. Results 
2.3.1. Rhizosheath formation 
As expected, rhizosheath weight significantly increased with root length (p < 0.001), 
but in all three species the WT genotypes bound significantly (p < 0.001) more soil 
than their respective root hairless mutants (Figure 2.4). When comparing the slopes of 
the rhizosheath versus root length regression lines, barley showed the biggest 
genotypic difference, with WT binding 3.9-fold more soil than brb (Figure 2.4a). The 
L. japonicus WT bound 3.2-fold more soil than Ljrhl1 (Figure 2.4c) and the maize 
WT bound 1.8-fold more soil than rth3 (Figure 2.4b). Despite their lack of root hairs, 
all three root hairless mutants formed a rhizosheath, albeit to a lesser extent than their 
WT counterparts. These genetic differences in rhizosheath formation increased with 
increasing root length as indicated by a significant (p < 0.05) genotype x root length 





Figure 2.4. Rhizosheath weight plotted against the total root length. Filled symbols represents the 
hairless mutants brb (a), rth3 (b) and Ljrhl1 (c). Grey symbols represent their respective WT. Each 
marker represents an individual plant. Each panel shows all plants from all 4 harvests. A linear model 
was fitted to each genotype represented by the dashed lines and corresponding equation. All trend lines 
have a p value < 0.001 and an R2 > 0.57. The displayed p values are the main effects and the interaction 
term from ANCOVA analysis. 
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2.3.2. Root length apportionment 
Total root length varied between species and genotypes (Figure 2.5). The maize WT 
consistently produced a more abundant root system than rth3 (p < 0.001). The 
L. japonicus WT tended to do the same, though the increase was not significant 
(p = 0.23). However, for barley, brb seemingly compensated for the lack of root hairs 
by proliferating their lateral roots to achieve a significantly greater root length than the 
barley WT (p < 0.05). Thus, when considering all the root hairless mutants, there was 
no consistent effect of lacking root hairs on root length. 
Absolute root growth rates (AGR) statistically differed between the root types of all 
genotypes (p < 0.05) except for the barley WT (p = 0.137). Axile roots grew 
universally slower than the lateral roots, but their AGR did not vary much between the 
root hairless mutants and their WT. The total length of the axile roots of barley and 
maize increased by 28.45 ± 0.02 cm day−1 and 8.47 ± 0.11 cm day−1, while 
L. japonicus increased at a slower rate of 0.13 ± 0.02 cm day−1. Lateral root growth 
rates far exceeded those of the axile roots, and also showed more genotypic variation. 
Lateral root growth rates of brb and its WT were 97.0 cm day−1 and 57.1 cm day−1, 
respectively. In maize, these rates were 111.8 cm day−1 and 205.74 cm day−1 for rth3 
and its WT, respectively. Again, L. japonicus was the slowest growing, with lateral 
root growth rates of Ljrhl1 and its WT increasing 0.33 cm day−1 and 0.36 cm day−1, 
respectively. Lateral roots comprised 65.8 %, 88.7% and 73.8% of the root system in 
barley, maize and L. japonicus, respectively. Their more prolific growth rate means 
that lateral roots comprise the bulk of the root system, and represented the cause of 
genotypic variation in root length. The differing growth rates of the rth3 and brb 
lateral roots in comparison to their WT explain why they had statistically different 




Figure 2.5. Total root length apportioned into axile 
(black) and lateral (grey) contributions per harvest for 
barley (a), maize (b) and L. japonicus (c). P values are 
from two-way ANOVA. Bars are equal to mean of 5 
replicates + 1 SE of each root type. 
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Additionally the significant genotype*harvest interaction for maize (p < 0.001) 
suggests that the discrepancies in root length between rth3 and its WT will continue to 
diverge with age but for barley and L. japonicus, the difference should remain 
relatively consistent.  
2.3.3. Model effect size 
As expected, all root types had a significant positive effect on rhizosheath formation 
(Figure 2.6). The presence of root hairs had the single biggest impact on rhizosheath 
formation across all species. For maize the presence of root hairs resulted in a mean of 
29.2  7.3 g increase in rhizosheath weight across the whole root system. For barley 
and L. japonicus the magnitude of the root hair effect was less, with a mean increase 
in rhizosheath weight of 15.7  4.4 g and 11.5  3.5 g, respectively. Increasing axile 
root length growth (by 1 m) had the next biggest influence on rhizosheath weight 
across all species. Again, barley and L. japonicus showed a similar response, with 
rhizosheath weight increasing by 5.6  0.1 g m−1 and 5.1  0.5 g −1 per 1 m of axile 
root growth, respectively. In maize, axile root length increased rhizosheath weight by 
26.2  5.1 g. Although laterals were the fastest growing root type, they had the 
smallest impact on rhizosheath weight, resulting in a 1.0  0.4 g m−1, 1.9  0.3 g m−1, 
and 1.6  0.2 g m−1 per 1 m increase of length for barley, maize and L. japonicus, 
respectively. Thus, rhizosheath weight increased with both axile and lateral root 
length, but the presence of root hairs had the greatest impact on rhizosheath formation. 
2.3.4. Root hair analysis 
Root hair length and RHLD were significantly correlated for both barley (R2 = 0.54, 
p < 0.001) and maize (R2 = 0.36, p < 0.05). Root hair length density did not differ 




Figure 2.6. The estimated effect sizes of the three root types from a linear regression model for barley 
(a), maize (b), and L. japonicus (c). The units for root hairs is presence/absence and the units for axile 
and lateral roots are 1 m of root growth. Error bars are equal to 1 standard error. * = p < 0.05, 
** = p < 0.01, *** = p < 0.001. 
Figure 2.7. Root hair density (a, c) and length (b, d) versus distance from root tip in barley (a, b) and 
maize (c, d). Grey markers represent lateral roots and black markers represent axile roots. Data are 
means  1 standard error. Linear regressions fitted denote the significant difference between root types. 
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with increasing distance from the root tip (Figure 2.7). Similarly, the root hair length 
of both lateral and axile roots were comparable in maize and did not differ with 
distance from the tip. However, barley axile roots produced 26 % longer root hairs in 
comparison to their lateral roots (calculated by the intercept of the regression lines in 
Figure 2.7). In comparing species, barley produced significantly longer root hairs 
(2-fold, p < 0.001) at a greater RHLD (6-fold, p < 0.001) than maize. Since both root 
hair measurements did not change with increasing distance from the root tip for either 
species, it can be assumed that all ages of roots display a similar number and length of 
root hairs. 
2.3.5. Exudate adhesiveness 
Soil adhered to the root exudates placed on nitrocellulose sheets, with clear variation 
in the adhesive capacities of exudate from different roots (Figure 2.8). For barley, the 
exudates from brb showed a greater capacity to bind soil than its WT. Exudates from 
the barley WT axile and lateral roots were both relatively ineffective at binding soil, 
since soil adhesion was only just 
above background levels across 
the whole dilution scale, with no 
difference between the different 
root classes (Figure 2.9a).  
Maize root exudates were 
generally more effective at 
binding soil than barley roots, 
with root exudates from WT 
maize axile roots adhering the 
Figure 2.8. The scanned images of the soil adhesion assay. 
The drops are distributed in a 1 cm square grid. The 
dilution of exudates in DI water starts at 50 µg/5 µl and 




most soil of all the roots tested, in contrast to the rth3 axile root exudates which were 
barely above background levels (Figure 2.9b). Root exudates from the maize lateral 
roots showed that rth3 and its WT had a similar capacity to bind soil. Overall maize 




Figure 2.9. Amount of soil adhering to a nitrocellulose membrane spotted with root exudates collected 
from the axile and lateral roots of different species and genotypes. The bars are colour saturated to 
reflect the mucilage saturation of the droplet, darkest = 50 µg/5µl, 25 µg/5µl, 10 µg/5µl and the 




The significance of root hairs, and their length, in determining rhizosheath formation 
has been frequently observed (McCully 2005; Moreno-Espíndola et al. 2007; Haling, 
Simpson, et al. 2010; Haling, Richardson, et al. 2010; Brown et al. 2012, 2017; 
Delhaize et al. 2012, 2015; George et al. 2014; Adu et al. 2017; Pang et al. 2017). 
However, it is not yet understood to what extent other root properties, such as root 
hair density and variations in root exudates, contribute to rhizosheath formation. By 
observing the relative capacity of several root hairless mutants and their respective 
WTs to form rhizosheaths (Figure 2.6), and relating them to various root traits, 
including root hairs (Figure 2.7) and mucilage properties (Figure 2.9), root hair traits 
were found to be the most dominant factor determining the size of the rhizosheath 
(Figure 2.10).  
Figure 2.10. A conceptual representation of the contribution root hair and mucilage traits make to 
rhizosheath formation. For both images the soil particles that are not faded represent the rhizosheath 
soil, bound to the root. For roots without any root hairs (a) only soil particles that are in direct contact 
with the main root are bound as a rhizosheath. If the root produces a more adhesive mucilage then it 
will be able to bind more soil particles (as represented by the particles with a graduated fade). The 
presence of root hairs (b) increases the root surface area for the soil particles to bind to, resulting in a 
more prominent rhizosheath. Longer and denser root hairs (right side of b) increases the radial extent of 
the rhizosheath more than when root hairs are shorter and less dense (left side of b). 
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2.4.1. Contribution of root hairs to rhizosheath formation 
The presence of root hairs significantly enhances rhizosheath formation, since root 
hairless mutants are much less effective at binding soil than their WT in three different 
species (Figure 2.4). Although the lack of root hairs can be compensated for by the 
increased total root length of older plants (Figure 2.4), genotypic differences increased 
with root length, meaning that the additional root length needed to compensate for 
lack of root hairs also increases. This is because root hair properties do not differ with 
increasing proximity to the tip (excluding the elongation zone; Figure 2.7), so, each 
new growth of root with root hairs would have a disproportionately greater impact on 
rhizosheath formation than the same length of new root without root hairs. However, 
as in previous studies (Wen and Schnable 1994; Haling, Simpson, et al. 2010; Haling 
et al. 2014; George et al. 2014) root hairless mutants still bound some soil, indicating 
that both physical (root hair enmeshment of soil particles) and chemical (root exudates 
adhering to soil particles) mechanisms contribute to rhizosheath formation. 
2.4.2. Contribution of root hair length 
Root hair length is widely recognised to influence the size of the rhizosheath 
(Wullstein and Pratt 1981; Haling, Richardson, et al. 2010; Brown et al. 2012; 
Delhaize et al. 2012, 2015; Haling et al. 2013; George et al. 2014; Adu et al. 2017) 
and can explain the species differences in rhizosheath development. The length of 
barley root hairs (0.6 mm and 0.4 mm for axiles and laterals, respectively) was much 
greater than those produced by maize (0.3 mm for both axiles and laterals). Which are 
just below what has been previously recorded for these species (Gahoonia et al. 2001; 
Zhu et al. 2005). These disparities in root hair length can explain why the genotypic 
difference in rhizosheath formation between the WT and hairless mutant were so 
much greater in barley than in maize (Figure 2.4). Additionally, the increased root hair 
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length meant barley WT was 1.5 times more effective at binding soil than the maize 
WT root system of the same accumulated length. However, increasing root hair length 
has increasingly limited effects on rhizosheath formation once length exceeded 
0.28 mm (Brown et al. 2017). Although longer root hairs can enhance rhizosheath 
development, root hair distortion and density as well as variations in root exudates 
may also play a significant role in determining the size of the rhizosheath (Brown et 
al. 2017; Pang et al. 2017). 
2.4.3. Contribution of root hair length density 
Unlike root hair length, the impact of RHLD on rhizosheath development is, as yet, 
unknown. For barley, root hair length and RHLD were correlated but RHLD was 
more stochastic and did not show any differences between axile and lateral roots, as 
was evident with root hair length. Similarly for maize, there was no difference 
between the RHLD of axile and lateral roots. Further, the species variation in RHLD 
followed the trend of root hair length, with barley producing a significantly greater 
RHLD than maize. Assuming all roots were of average length, this would equate to 
4-fold more roots per every mm or origin root. Although root hair length and density 
can respond similarly to environmental (Watt et al. 1994; Haling, Richardson, et al. 
2010) and endogenous factors, such as auxin which promotes both root hair initiation 
and elongation (Ma et al. 2001), roots can compensate for short root hairs by 
increasing their density (Adu et al. 2017). So, even though root hair length and RHLD 
are correlated here, this is not always the case (Haling, Richardson, et al. 2010; 
Nestler et al. 2016; Adu et al. 2017). Additionally, root hair length and density can 
disproportionately contribute to other root functions such as nutrient uptake (Itoh and 
Barber 1983; Zygalakis et al. 2011). Thus, it cannot be assumed that root hair length 
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and RHLD contribute similarly to rhizosheath formation even though their relative 
contributions could not be distinguished in this experiment.  
2.4.4. Lateral and axile roots 
Although axile and lateral roots have different structures (Drew 1975; Cahn et al. 
1989; McCully 1999) and consequently different functions (Varney et al. 1991; 
Doussan et al. 1998; Carminati 2013; Ahmed et al. 2015), their relative effects on 
rhizosheath formation are unknown. This study suggests that there is no difference 
between the relative contribution of axile and lateral roots to rhizosheath formation 
when their root hairs are the same length and at the same RHLD, in which case, any 
difference in effect are due to differing growth rates. Although axile root growth had 
more impact on rhizosheath formation than lateral root growth (Figure 2.6), lateral 
roots grew faster than axile roots, as previously observed (Drew and Saker 1975; Cahn 
et al. 1989; Pagès and Pellerin 1994). Indeed, the slower growth rate of maize and 
L. japonicus, axile roots (94.6 % and 62.9 % slower respectively than their lateral 
roots) was commensurate with their effect sizes on rhizosheath formation (axile root 
growth had 92.9 % and 68.0 % greater effect than the lateral roots of maize and 
L. japonicus, respectively). Root hair traits of maize axile and lateral roots did not 
differ (Figure 2.7). As the effect sizes of L. japonicus roots could also be largely 
explained by the difference in AGR, axile and lateral roots of L. japonicus are 
proposed not to differ in root hair development (as in maize). So, for roots with 
similar root hair development, their relative contribution to rhizosheath formation is 
dependent on their growth rate compared to the overall increase in root system size 
and not an increased affinity to rhizosheath formation. 
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However, when roots differ in root hair development (as in barley), root hair length 
influences the root’s ability to form a rhizosheath. Barley axile roots affected 
rhizosheath formation disproportionately to their growth rates. Although barley lateral 
roots grew 63% faster than axile roots, the latter had 82% more effect on rhizosheath 
formation because they had longer (by 26 %) root hairs (Figure 2.7). Thus, the longer 
root hairs on the barley WT axile roots were more efficient at binding soil than the 
shorter root hairs on the barley lateral roots, while maize axile and lateral roots (with 
the same root hair length) bound the same amount of soil. 
2.4.5. Root exudates 
That root hairless mutants can bind some soil, albeit much less, shows that other root 
traits, such as root exudates, also determine rhizosheath development (Haling et al. 
2014; George et al. 2014). However, their significance in root hairless mutants has 
hitherto not been evaluated. Overall, maize exudates were far more adhesive than 
barley exudates. Similarly, Naveed et al. (2017) found that barley root exudates 
initially act to weaken the soil, whereas maize roots more actively bind to soil. Root 
exudate adhesiveness cannot completely compensate for shorter root hairs between 
species, but becomes more important when root hairs are absent (Figure 2.4 and 
Figure 2.7). The increased adhesiveness of rth3 root exudates meant it was 1.5 times 
more effective at binding soil than brb root systems of the same length. However, 
when root hairs were present, the increased adhesiveness of the maize WT did not 
outweigh the benefits of increased root hair development, as it bound 1.4 times less 
soil than the barley WT. While adhesive root exudates can aid rhizosheath formation, 
and even determine its extent in the absence of root hairs, the presence and abundance 




Variation in rhizosheath formation between different species, mutants and root types 
can most easily be explained by differences in root hair development. The presence of 
root hairs significantly enhances rhizosheath formation, but root mucilage becomes 
more prominent when root hairs are absent. Increasing root hair length and density 
further enhances rhizosheath formation, but further work is needed to disentangle their 
relative contributions. Additionally, the chemical composition of exudates derived 
from root hairs and the roots themselves should be measured, to better understand the 







Chapter 3. Do root hairs reinforce soil under shear stress? 
3.1. Introduction 
When the frictional forces holding soil together are overcome by shearing forces, the 
consequential land wasting varies in both pace and scale. Soil instability can pose a 
multitude of economic problems ranging from small scale erosion that results in the 
sedimentation of waterways and the subsequent increased flood risk and reduction in 
water quality (Boardman and Poesen 2007; Pollen et al. 2013). Larger scale soil 
instability can result in the destruction of properties and loss of life (Petley 2012). 
Soils are inherently anisotropic and are weak under shear forces (Al-Karni and Al-
Shamrani 2000). The fault line that occurs when the soil fails under shear stress is 
called the shear plane. Some soils are naturally susceptible to shear erosion due to a 
layer of weakness referred to as a failure plane, but most landslide events occur due to 
hydraulic pressures (Iverson 2000).  
Soil shear strength is the ability of a soil to withstand these shear forces. Plant roots 
are widely understood to increase slope stability because they add tensile 
reinforcement to the soil, countering their natural susceptibility to shear forces (Wu 
and Sidle 1995; Simon and Collison 2002; Gyssels et al. 2005; Stokes et al. 2009, 
2014). Fine roots penetrate laterally through the soil enmeshing and binding the 
surface soil together, whilst deeper reaching tap roots cross failure planes, pinning 
them together as well as anchoring the fine root matting (Simon and Collison 2002; 
Stokes et al. 2009; Fan and Chen 2010). A root’s ability to reinforce the soil depends 
on its resistance to either being pulled out or breaking. If their tensile strength is 
greater than the friction of their anchorage, roots will slip from the soil at the shear 
plane, if it is less, then the root will break before being pulled out (Pollen 2007). 
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Root anchorage is achieved by forks and bends in the root system acting as soil pins 
and effectively increasing the area of soil which the root can engage and use to 
dissipate the traction forces (Stokes and Mattheck 1996; Bengough et al. 2011). For 
straight roots, without forks or bends, the length of the root determines how efficiently 
it is anchored; a root is anchored when there is sufficient root-soil contact to provide 
friction in excess of the root’s tensile strength (Ennos 1990). Though tensile strength 
has an inverse relationship with root diameter (Nilaweera and Nutalaya 1999; Pollen 
and Simon 2005; Genet et al. 2005; Burylo et al. 2012), assumed to be caused by fine 
roots having greater cellulose concentrations (Genet et al. 2005; Indran et al. 2014), 
the force required to break a root increases with root diameter (Nilaweera and 
Nutalaya 1999; Pollen and Simon 2005; Tosi 2007; Docker and Hubble 2008; Yang et 
al. 2016), as does the force required to pull the root from the soil (Nilaweera and 
Nutalaya 1999; Norris 2005; Stokes et al. 2009). Although root diameter is widely 
recognised to strongly impact soil reinforcement, our understanding of how roots 
reinforce the soil is predominantly driven by tree roots and woody shrubs, and fine 
roots have frequently been homogenised into one synonymous category (Pregitzer et 
al. 2002; Reubens et al. 2007; Hishi 2007). For this reason the function of small scale 
root traits, such as root hairs, have yet to be associated with soil reinforcement on a 
larger scale.  
This thesis focuses on assessing the ability of root hairs to reinforce the soil. Chapter 2 
showed that root hairs heavily influence how much soil a root system can bind, but it 
is not known whether this trait translates to a capacity to reinforce the soil under shear 
stress. Previous studies have found that root hairs aid root anchorage. Root hairs start 
to grow just behind the root elongation zone anchoring the root tip to enabling the root 
tip to penetrate the soil (Bengough et al. 2011; Haling et al. 2013) whilst preventing 
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the growth force from deforming the rest of the root or pushing the plant out of the 
soil (Bengough et al. 2016). Several other studies have also noted the force by which 
root hairs bond the root to the soil (Czarnes et al., 1999; Ennos, 1989; Stolzy and 
Barley, 1968) and their importance for root anchorage (Waldron and Dakessian 1981; 
Handley and Davy 2002), to the extent that root anchorage is believed to be a primary 
function of root hairs (Gilroy and Jones 2000; Bengough et al. 2011). However, 
whether this capacity to anchor the root to the soil enhances soil anchorage under 
shear stress is, as yet, unknown.  
This chapter aims to measure  the contribution of root hairs to a root system’s ability 
to reinforce soil by measuring the shear resistance exerted by soil columns permeated 
with root systems with and without root hairs in a laboratory shearing box. Other root 
characteristics, such as root length density (RLD), average root diameter, and root 
surface area density (RSAD), were also measured, as well as the tensile strength of 
individual roots. Root reinforcement of the soil was calculated by observing the 
increased force required to shear rooted soil columns in comparison to soil columns 
void of roots.  
3.2. Materials and methods 
3.2.1. Germination and growth 
For this experiment, root hairless mutants of barley (brb) and maize (rth3) were 
compared to their respective WTs. The same germination and growth environments 
were used as in Chapter 2.2.2. The pots for this experiment, however, were 
constructed out of two sections of 68 mm diameter guttering down pipe (FloPlast Ltd) 
cut into 125 mm sections, making the total height of each pot 250 mm. The two 
sections were held together with gaffer tape. The bottom of each pot was sealed with a 
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section of woven wire mesh (0.70 mm Aperture, 0.36 mm Wire Diameter, SS304 
Grade) to allow water to drain but retain the soil. Each pot was filled with a set weight 
(dependant on the initial water content) of a sandy loam topsoil (as used in Chapter 2) 
which provided an approximate bulk density of 1.3 g cm3. Eighteen plants per 
genotype were harvested over 3 periods. For barley these were 35, 49 and 54 days 
after germination (DAG) and for maize they were 23, 35, and 49 DAG. Due to limited 
growing space, the barley harvests were grown consecutively, but all plants were 
grown under the same environmental conditions (as detailed in Chapter 2.2.2.). 
3.2.2. The shearing rig 
This experiment utilised a laboratory shearing box rig designed by Gould (2014). The 
shearing rig comprises a metal frame that supports two wooden inserts each 
Figure 3.1. Depicts the shearing rig used in this experiment (a). The parts of the rig are numbered in 
their stationary position (a); 1. Load cell, 2. Transducer, 3. Hydraulic arm, 4. Wooden inserts, 5. Pot, 
6. Adjustable platform to support the pot at the correct height so that the seam of the pot lines up with 
the shearing plane of the rig. The top section of the rig then extends over the bottom section shearing 
the pot (c). 
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containing a hole for the experimental pots (Figure 3.1). The top part of the frame is 
moved laterally on metal runners powered by a hydraulic pump. The top section is 
moved over the bottom section at a rate of 8-9 mm sec-1, depending on the sample 
resistance, and extends the whole width of the pot allowing for a full displacement 
profile. The displacement of the top section was measured by a linear potentiometric 
displacement transducer (PD13, LCM Systems Ltd, UK) and the displacement force 
was measured at a resolution of 0.02 kg by an S type compression load cell 
(STA-1-300, LCM Systems Ltd, UK). All data were recorded by a CR800 data logger 
(Campbell Scientific, Inc., USA) programmed to sample every 200 milliseconds. 
3.2.3. Sampling 
Pots were stood in water overnight to achieve a consistent soil moisture content and, 
just prior to shearing, the gaffer tape was cut with a razor blade. Once sheared, the soil 
from the bottom half of the pot was weighed and then dried at 105 °C to establish soil 
bulk density (BD) and soil water content (WC). The top half was sealed in a plastic 
bag and stored in a fridge until the roots could be harvested, usually the day after the 
experiment. Only the bottom 3 cm of this section was used for root measurement as it 
was assumed that the root mass directly adjacent to the shear plane would most 
influence the soil’s shear resistance. The 3 cm was measured and then cut with a razor 
blade. The roots were then washed out and stored at approximately 4 °C in a 50 % 
ethanol and DI water solution until they could be scanned (as in Chapter 2.2.2.). Due 
to the sizes of root used in this study it was not possible to measure root area ratio 
(percentage of total cross sectional area of roots per the soil cross sectional area at the 
shearing plane) so root length density (RLD) and root surface area density (RSAD) 














Where RL is the total length of live roots (cm) and 𝑉𝑠 is the volume of soil sampled 
(cm3). Root surface area (RSA, cm2) is calculated assuming the root is cylindrical. 
3.2.4. Root tensile strength 
To test the tensile strength of roots, four of each barley and maize genotypes were 
grown in 4 litre pots; pot dimensions, germination procedure, soil type and density, 
and growth environment are as mentioned in Chapter 2.2.2. After 35 days of growth, 
the roots were washed out of the soil and stored in approximately 4 ℃ in a 50 % 
ethanol and DI water solution for two days. The roots were kept in this solution until 
immediately before testing to ensure a consistent moisture content. Five, 3 cm 
segments of lateral and axile roots were randomly selected from each plant and 
scanned using an Epson Perfection V700 at 600 DPI, later to be analysed using 
WinRHIZO (as in Chapter 2.2.2). Each segment of root was then attached to a small 
plastic tab using a combination of superglue and gaffer tape (Figure 3.2), overlapping 
the plastic by 1 cm at each end; leaving a 1 cm length of unobstructed root. The plastic 
tabs were pre-tested to ensure their tensile strength far exceeded that of the roots and 
Figure 3.2. Root segments being attached to the plastic tabs with superglue (top) 
and then a strip of gaffer tape (bottom) to quicken the setting of the superglue. 
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that their deformation was negligible. The plastic tabs with the roots attached were 
then secured into the clamps of a Single Column Table-top Testing Machine (series 
5944, Istron, UK). The clamps were then moved apart at a displacement rate of 
10 mm min−1 and the force was recorded every 20 ms by a 100 N load cell at a 
resolution of 0.5 mN (Instron, UK). Any root that broke at the joint of the plastic tabs 
was discarded.  
3.2.5. Data and statistical analysis 
The data were normally distributed for both barley and maize so a repeated measures 
analysis of variance (ANOVA) assessed whether the treatments (pots containing WT 
roots, root hairless mutant roots, and the control with no roots) exerted a different 
force over the same distance of displacement. However, the data violated the 
sphericity assumption of this method so the p value is corrected using Greenhouse-
Geisser. Pairwise comparisons with a Bonferroni correction was used as a post-hoc 
test. This analysis was carried out in SPSS (Version 25). 
The ANOVA function and multiple comparison procedures in MATLAB (R2017b) 
were used to estimate the means across the genotypes for peak force and the 
displacement distance in order to assess which treatments statistically differed. This 
method was also used to assess whether the root parameters differed between 
genotype. The analysis of covariance (ANCOVA) function in MATLAB assessed 
whether the genotypes displayed differences in root tensile strength with increasing 
root diameter, as well as whether there was any genotypic difference in relative 





𝑃𝐹𝑟 − 𝑃𝐹𝑐̅̅ ̅̅̅
𝑃𝐹𝑐̅̅ ̅̅̅
) × 100 
Where 𝑃𝐹𝑟 is the peak force exerted by a rooted pot and 𝑃𝐹𝑐̅̅ ̅̅̅ is the mean root force 
exerted by the unplanted control pots (the maize and barley experiments were carried 
out at separate times so the controls are considered separately). 
3.3. Results 
3.3.1. Force over distance 
Figure 3.3 shows that the force required to displace the plots changed significantly 
(p < 0.001) over the displacement profile for both barley and maize. The presence of 
roots significantly (p < 0.05) increased shear resistance in comparison to the unplanted 
pots. For each rooted treatment there is an initial build-up of force to a peak which 
then tapers off, whereas the unplanted pots had a more gradual build-up and peaked 
much later. For maize these differences were evident across the whole displacement 
profile, though for barley, the differences were restricted to between 6-24 mm and 
6-48 mm of displacement for brb and its WT, respectively. The peak force for each 
treatment and the point at which they occurred on the displacement scale are recorded 
in Figure 3.4a and Figure 3.4b. There is a general trend for the peak shearing force to 
increase with harvest for each genotype, however, differences only became 
statistically significant (p < 0.05) at harvest 3. 
There was no consistent genotypic effect for either harvest 1 or 2. Although all 
genotypes produced a greater mean peak force than their respective unplanted pots in 
harvest 1 (brb = 6.7 %, barley WT = 5.1 %, rth3 = 8.0 %, and maize WT = 10.7 % 
increase from the mean of their respective unplanted pots), none of the increases were 




Figure 3.3. Displacement force (a, c) and peak displacement force (b, d) for barley (a, b) and 
maize (c, d) versus distance. Solid lines = unplanted control pots, dashed line = root hairless 
mutant, dotted line = WT. P value represents the genotype*displacement interaction with 
displacement force derived from repeated measures ANOVA. White marker = unplanted, black 
marker = root hairless mutant, grey marker = WT. 
For all genotypes the data are means of 18 replicates, the barley and maize unplanted pots are 
means of 15 and 17 replicates respectively. Error bars are equal to 1 standard error. 
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peak force than their respective unplanted pots (brb = 3.7 %, barley WT = 10.4 %, 
rth3 = 33.1 %, and maize WT = 15.5 % increase from the mean of their respective 
unplanted pots) but only rth3 was statistically significant (p < 0.05). In harvest 1 brb 
produced a peak force 1.6 % greater than its WT but in harvest 2 the peak force 
required to shear the brb pots were 6.1 % less than its WT. For maize, rth3 produced a 
peak force 2.5 % smaller than its WT in harvest 1 and in harvest 2 produced a peak 
force 13.2 % greater than its WT. At harvest 3, all treatments were statistically 
different with a consistent treatment effect across both species. Both the barley and 
maize WTs required significantly (p < 0.05 and p < 0.01, respectively) greater forces 
to shear than both their root hairless mutants (8.3 % and 13.0 % increase for barley 
and maize, respectively) and their respective unplanted pots (17.7 % and 52.6 % for 
barley and maize, respectively; p < 0.001). Both brb and rth3 also required 
significantly (p < 0.05 and p < 0.01, respectively) more force to shear than their 
respective unplanted pots (7.9 % and 32.8 %, respectively). Thus, the presence of 
roots consistently (but not always significantly) increased peak force, but the presence 
of root hairs only showed a consistent and significant increase after the 3rd harvest for 
both species.  
Peak displacement force was reached at a mean distance of 26.3 mm and 24.2 mm for 
barley brb and its WT, respectively, and of 20.9 mm and 26.0 mm for maize rth3 and 
its WT, respectively. The corresponding unplanted pots peaked at 33.5 mm and 
47.7 mm for the barley and maize unplanted pots, respectively (Figure 3.4c and Figure 
3.4d). However, for barley, the only significant (p < 0.05) difference was recorded 
between the WT and unplanted pots in harvest 1 where the WT reached peak force at 
a mean displacement 55.6 % less than the unplanted pots. Barley brb reached peak 




Figure 3.4. Peak force readings (a, b) and displacement distance (c, d) for barley (a, c) and maize 
(b, d) harvests (d). Black bars = root hairless mutants, grey bars = WT and white bars = unplanted 
control pots. Data are means of 6 replicates. Asterisks are derived from pairwise comparisons with 




 was not significant. For barley, the differences between the location of the peak force 
of the planted and the unplanted pots reduced with each successive harvest. In harvest 
2, brb and its WT reached peak force 16.4 % and 20.7 % earlier than their unplanted 
pots and in harvest 3 brb pots reached peak force 2.7 % earlier, but WT pots reached 
peak force 1.3 % later than the unplanted pots. These differences were not statistically 
significant. Except for harvest 3 where WT pots tended to reach peak force before the 
brb pots and, like the unplanted pots, the differences (although not significant) 
decreased with successive harvests. Consequently, no consistent genotypic or harvest 
effect was observed in relation to where along the displacement profile the peak force 
was reached for barley. 
For maize, rth3 consistently reached its peak force before its WT and the 
corresponding unplanted pots were invariably last. For harvest 1, rth3 and its WT 
reached peak force 49.7 % and 34.7 % earlier than the unplanted pots, for harvest 2 
the difference increased to 57.1 % and 39.7 % for rth3 and its WT respectively. For 
harvest 3 the differences increased again to 60.2 % and 58.7 % respectively. Although 
rth3 consistently reached peak force before its WT at no point were the differences 
significant. 
The presence of roots consistently (though not always significantly) decreased the 
mean displacement distance at which the peak force was reached for both species 
(except for barley harvest 3) in comparison to their respective unplanted pots. 
However, there was no consistent genotypic impact of root hairs as barley WT mostly 
reached peak force earlier than brb whereas the maize WT consistently reached peak 




  Table 3.1. Root parameters per genotype per harvest. Diameter = mean diameter of the whole root 
system, Lateral = the proportion of the root system made up of lateral roots, RLD = root length density 
and RSAD = root surface area density. Letters denote statistically different means (p < 0.05) than other 
harvests/genotypes within the species and are generated from a pairwise comparison with a Bonferroni 
correction. Data are means of 6 replicates  1 standard error.  
* = p < 0.05, ** = p < 0.01, *** = p < 0.001 
Figure 3.5. Root surface area density (RSAD) per harvest for barley (a) and maize (b). Black bars 
represent root hairless mutants and grey bars represent their respective WT. Data are means of 6 




3.3.2. Root parameters 
Not all parameters varied over time (Table 3.1). For root diameter, only the maize WT 
increased significantly with harvest. Proportional representation of lateral roots was 
also poorly and inconsistently correlated with harvest, with the percentage of lateral 
roots decreasing with each harvest in brb and tending to increase with each harvest in 
rth3. For all genotypes RLD increased with harvest, although RLD decreased from 
harvest 2 to harvest 3 in barley WT. Only RSAD increased with harvest for each 
genotype of each species (Figure 3.5), suggesting that RSAD is the most appropriate 
root trait for representing the growth stage of the harvests. 
Across all harvests, the barley genotypes had significantly (p < 0.001) thinner roots 
(by 34.2%) than the maize genotypes. The percentage of lateral roots did not differ 
between species (p = 0.99), varying by only 0.01 %. Barley roots grew at a mean rate 
of 23.81  1.46 and 31.34  1.31 cm day−1 for brb and its WT, respectively, and maize 
roots grew at a slower rate of 16.22  0.96 and 17.59  0.41 cm day−1 for rth3 and its 
WT, respectively. Thus, the RLD of maize root systems was 52.8 % less than in 
barley. However, though shorter, maize roots were significantly (p < 0.001, Table 3.1) 
thicker than barley, producing on a mean 34.2 % greater thickness than the barley 
roots. So, barley had longer roots, but maize had thicker roots, and as RSAD is more 
responsive to increases in length the RSAD of barley was significantly (p < 0.001) 
greater (by 27.1%) than maize.  
Root hair presence/absence also affected root parameters. The maize WT and barley 
brb had consistently lower mean root diameter than their genotypic counterparts. The 




Figure 3.6. Relative increase in peak force (RPF) from the average unplanted pot against root surface 
area density (RSAD) for barley (a) and maize (b). Grey markers = WT and black markers = root 
hairless mutant. There was no significant genotypic effect so the dot and dash trend line represents the 
data from both root hairless mutant and its WT for both species.  
Table 3.2. Pearson correlation coefficients for measured root parameters and displacement at which the 
peak force was recorded. RLD = root length density and RSAD = root surface area density. 
* = p < 0.05, ** = p < 0.01, *** = p < 0.001 
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harvests 1 and 2, but these genotypic effects were reversed at harvest 3. Root length 
density (RLD) was lowest in barley brb in all harvests. In maize, RLD was lowest in 
maize WT at harvest 1, but in rth3 at harvests 2 and 3. The root hairless mutants had 
lower RSADs than their WT, except for the first maize harvest. RSAD showed the 
most consistent trends across the harvest and species. 
3.3.3. Root effect on peak force 
None of the root parameters for either species had a significant relationship with the 
distance at which the peak force occurred (Table 3.2). However, for both species the 
relative increase in peak force from their respective unplanted pots (RPF) significantly 
(p < 0.05 for barley and p < 0.001 for maize) increases with RSAD (Figure 3.6).  
Although barley reached greater RSADs than maize (Figure 3.5 and Table 3.1), the 
rate at which one unit of RSAD increased RPF was significantly (p < 0.001) reduced 
in comparison to maize. For barley, RPF increased by 16.20 % with each unit increase 
of RSAD, whereas for maize the increase was at a rate 4.8 times greater, with one unit 
of RSAD increasing RPF by 78.5 %. During the tensile strength test, the peak force 
required to break the roots of both species increased significantly with root diameter 
(p < 0.001, Figure 3.7). Although maize roots reached thicknesses four times greater 
than barley, one unit increase in diameter significantly (p < 0.001) increases maize 
peak breaking force at a rate 2-fold more than barley roots (Figure 3.6). Thus, maize 
had a mean tensile strength 21.4 % greater than the barley roots. Barley pots produced 
a more extensive network of roots than the maize pots, but the increased diameter of 
the maize root systems were more effective at increasing the RPF, suggesting that root 





Figure 3.7. Peak breaking force against diameter of root for barley (a) and maize (b) and mean 
tensile strength of the barley (c) and maize (d). Grey = WT and black = root hairless mutant. For a 
and b, there was no genotypic effect so the dot and dash line is a trend line for both the WT and 
mutant data combined, p value is from an ANCOVA.  
For graphs c and d, data are means of 32 measurements, error bars are equal to 1 standard error, 
and the p value is from an ANOVA. 
66 
 
Although barley WT roots and maize rth3 roots were consistently thicker (Table 3.1) 
than their genotypic counterpart, both the barley and maize WTs and their respective 
root hairless mutants increased RPF at an equal rate (Figure 3.6). Additionally, the 
increase in peak breaking force with increasing root diameter (observed in the tensile 
strength test) was equal between root hairless mutants and WT plants (Figure 3.7). 
Thus mean root tensile strengths did not differ more than 5.8 % for barley and 4.1 % 
for maize, which were well within 1 standard error of the data’s distribution. Since 
genotype did not affect root tensile strength (p = 0.79 and p = 0.77 for barley and 
maize respectively) or the relationship between diameter and RPF (p = 0.60 and 
p = 0.94 for barley and maize respectively), any variation in peak shearing force can 
be attributed to differences in root parameters and not due to the presence/absence of 
root hairs. 
3.4. Discussion 
3.4.1. Plant species affects root contribution to soil shear strength 
Soil reinforcement by both barley and maize roots was measured under shear stress. 
As the top part of the pot is displaced, increasing tension is exerted on the roots. Roots 
subjected to increasing tension ultimately reach a point where they either break or are 
pulled out of the soil (Pollen, 2007). Rooted soil columns required considerably more 
force to shear than unplanted soil columns and the force required to shear the pots 
increased with increasing root presence, as previously observed (Jonasson and 
Callaghan 1992; Pollen and Simon 2005; Fan and Su 2008; Loades et al. 2010; Li et 
al. 2013). However, when roots are present, root diameter seems to be the determining 
trait for soil reinforcement. 
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As the pots are displaced, the force exerted increases to a peak (termed the peak shear 
force) and then tapers off. Peak shear force increased with increasing RSAD in each 
species, however not at the same rate. Although RSAD of barley roots was 
consistently greater (by 27.1 %) than maize (Figure 3.5), the force required to shear 
the maize pots increased at a rate 6.3 times greater than the barley pots resulting in 
peaks far greater in the maize pots than the barley pots (Figure 3.4). The peak tensile 
strength of a group of roots is less than the combined strength of each individual root 
because each root has a different peak breaking force and so they do not break in 
unison. When tension is initially exerted (assuming all roots are perpendicular to the 
shearing plane) the force is equally distributed, but when the force exceeds the 
strength of the weakest root, it will then break, compounding the force on the 
remaining roots (Pollen and Simon 2005). RLD of barley was much greater (by 
52.8%) than maize, so it can be assumed that more roots crossed the shearing 
threshold in the barley pots than in the maize pots. However, the maize roots were 
significantly thicker than barley roots (an increase of 51.9 %). Root diameter 
determines the force needed to either break the root or cause it to be pulled from the 
soil (Pollen and Simon 2005; Norris 2005; Pollen 2007; Tosi 2007; Fan and Su 2008; 
Docker and Hubble 2008) and so, even though maize had less root mass, the 
individual roots were stronger than barley, due to their increased diameter. Taken 
together, the thinner, more numerous barley roots are not as effective at reinforcing 
the soil as the thicker but less numerous maize roots. 
Although it is widely understood that tensile strength decreases as root diameter 
increases (Nilaweera and Nutalaya 1999; Pollen and Simon 2005; Genet et al. 2005; 
Burylo et al. 2012; Yang et al. 2016; Hudek et al. 2017), surprisingly the thicker 
maize roots had greater tensile strength than the thinner barley roots. Root tensile 
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strength can be changeable depending on the orientation of slope and prevailing wind 
direction (Stokes et al. 1995; Norris 2005). Taller plants have extra weight to anchor, 
so produce roots with greater tensile strength (Nilaweera and Nutalaya 1999; Ali 
2010; Sun et al. 2011; Osman et al. 2011). It is therefore rational that maize roots 
have greater tensile strength per diameter and a greater breaking point, because they 
grow significantly taller and, thus, have more above-ground matter to support.  
There is a general consensus in the literature that increasing soil water content 
decreases the soil shear strength (Vanapalli et al. 1996; Kayadelen et al. 2007; Fan 
and Su 2008; Hales and Miniat 2016; Yang et al. 2016). For the maize pots, there was 
no difference in WC between the treatments so this phenomenon is of no concern. In 
the barley experiment, unplanted pots had greater WC than both the brb and WT pots 
at each harvest by a mean of 5.3 % and 7.1 %, respectively. This suggests that the 
peak shearing force of the soil alone would have been reduced in the unplanted pots in 
comparison to the rooted pots and that the increased force required to shear the rooted 
pots may have resulted from both dryer soil and the presence of roots. The reduction 
in soil shear strength with increasing WC varies with soil type. Further experiments 
are needed to establish how much the variation in WC altered the shear strength of the 
soil before the root reinforcement from the barley roots can be properly quantified. 
3.4.2. Impact of root hairs on soil shear strength 
Although root hairs increased the resistance of seedling radicles to removal from the 
soil (Stolzy and Barley 1968; Ennos 1989; Czarnes et al. 1999; Bengough et al. 2011, 
2016) and significantly increased the amount of soil bound to the root system (Figure 
2.4), they did not improve soil reinforcement. The root systems of the root hairless 
mutants were equally as capable as their respective WT in reinforcing the soil as they 
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required equal forces to shear. Although barley WT roots had significantly longer and 
more numerous root hairs than the maize WT roots and thus, would form more 
rhizosheath (as concluded in Chapter 2.5), these differences in rhizosheath formation 
did not affect soil reinforcement. In contrast, barley roots consistently provided less 
soil reinforcement than the maize root systems. 
A root’s ability to withstand shear forces and contribute to a soil’s shear strength is 
determined by its ability to withstand breaking. Root hairs are only single celled and 
have significantly smaller diameters than their parent roots, so their breaking force is 
estimated to be an order of magnitude less than that of a fine root (Bengough et al. 
2011). Although root hairs can effectively reinforce singular roots (Handley and Davy 
2002; Bengough et al. 2011, 2016; Haling et al. 2013), they do not reinforce a more 
complex root system because their contribution is overshadowed by the shear 
resistances exerted by the greater tensile strength and diameter of the roots themselves 
(Figure 3.8).  
Figure 3.8. A conceptual diagram of the impact of root hairs on a roots ability to reinforce soil at the 
shearing plane (dashed lines). Under low stress (a) all roots including root hairs contribute to anchoring 
(green arrows) the root however as the shearing force increases (blue arrow) the breaking force of the 
root hairs is reached (b) long before the parent root breaks (c) thus root hairs have no effect on the 




This study investigated which root traits most influenced a root system’s ability to 
reinforce soil. Root hairless mutants of barley and maize were assessed for both their 
tensile strength and their contribution to soil shear resistance. Barley roots were more 
than twice as numerous as maize roots, but were almost half as thin, so broke under 
significantly less force than the maize roots. So, increased root diameter reinforced 
soil more effectively than increased root length density. Additionally, maize roots 
exhibited slightly elevated tensile strengths in comparison to barley roots, so 
withstood greater forces than barley roots of a similar diameter. Overall, maize root 
systems (with their increased diameter and tensile strength) were five times more 
efficient at reinforcing soil than the barley root systems. As for the impact of root 
hairs on soil reinforcement, since the WT and root hairless mutants showed no 
differences in soil reinforcement, it can be concluded that root hairs (with their minute 
diameter) have very little impact on soil reinforcement, as they cannot withstand the 
same forces resisted by the main root system.  
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Chapter 4. A mesocosm-based assessment of whether root 
hairs influence soil erosion under simulated 
rainfall. 
4.1. Introduction  
Erosion of agricultural soil is of global concern (Quinton et al. 2010; Borrelli et al. 
2017) and has severe financial implications, but also threatens our food security 
(Verheijen et al. 2009; Posthumus et al. 2015). Soil can be eroded by both wind and 
water with water being the prominent cause in the UK (Verheijen et al. 2009). When 
the intensity of rainfall exceeds either the infiltration rate and/or capacity of the soil, 
water pools on the soil surface. If the surface is sloped, then the water will move with 
gravity to create surface flow. The velocity of the surface flow can vary depending on 
the angle of the slope and the quantity of water, with increasing velocity comes a 
greater erosive force (Nearing et al. 1997). The mechanisms that cause soil to erode 
via water are governed by the detachment force of water versus the cohesive and 
adhesive bonds between the soil particles (Laflen et al. 1991). For soil to erode the 
former must exceed the latter and the contrary is true for mitigating soil erosion. Soil 
strength, and thus, the soil’s resistance to erosion, is mostly determined by properties 
such as aggregation and organic matter (Amézketa 1999). 
Plants have long been known to reduce soil erosion (Acostasolis 1947; Singer et al. 
1980). Although most research has focused on the impact of above-ground plant 
matter (such as canopy cover and stems), the relative contribution of roots to 
preventing soil erosion can outweigh the contribution of above-ground matter (Zhou 
and Shangguan 2007). Up to 95% of a plant’s ability to reduce soil erosion, caused by 
overland flow, can be attributed to its root system (De Baets et al. 2006; Zhou and 
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Shangguan 2007; Burylo et al. 2012). Other studies report more conservative figures; 
64% (Mamo and Bubenzer 2001a), and 35% (Prosser et al. 1995). Similar results were 
found when simulated rainfall (rather than overland flow) was the erosive force 
(Ghidey and Alberts 1997; Zhou and Shangguan 2007, 2008). Determining the 
quantitative variation in the contribution of the root system to ameliorate soil erosion 
requires an understanding of the mechanisms by which roots mediate erosivity. 
Plant roots influence soil erosivity in different ways. They can increase soil porosity 
and decrease soil bulk density (Zhou and Shangguan 2007; Shinohara et al. 2016) thus 
increasing infiltration and reducing surface flow. Moreover, root exudates fortify soil 
by chemically facilitating the bonds between particles and can increase the number, 
size, and durability of water stable aggregates (Jastrow et al. 1998; Amézketa 1999; 
Zhou and Shangguan 2007; Wang et al. 2017). Soil organic carbon is strongly 
associated with aggregate stability (Tisdall and Oades 1982; Annabi et al. 2007) and 
roots can contribute up to 2.3 times more soil organic carbon than above-ground plant 
matter (Kätterer et al. 2011). Thus, roots provide biological, chemical, and physical 
support to the soil. 
Previous studies looking at the impact of roots on soil erosion found a variety of root 
parameters are significantly negatively correlated with sediment yield including: root 
surface area (Li et al. 1991; Prosser et al. 1995; Zhou and Shangguan 2005, 2007, 
2008), root length density (Bui and Box 1993; Ghidey and Alberts 1997; Mamo and 
Bubenzer 2001a; b; De Baets et al. 2006, 2007), root density (Tengbeh 1993; Gyssels 
and Poesen 2003), and diameter (Li et al. 1991), and a combination of the above (Shit 
and Maiti 2012). Further to this, Burylo et al. (2012) carried out a multi-species 
analysis on nine functional root traits, including all of the above, and found that soil 
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detachment rate was most strongly correlated with root diameter (positively) and 
percentage of fine roots (negatively).  
At just a cell thick, root hairs are only just visible to the naked eye but have been 
associated with some of the characteristics attributed to aiding the rest of the root 
system in reducing soil loss. For example, their abundance throughout the root system 
means that over 90% of root surface area can be attributed to the presence of root hairs 
(Gilroy and Jones 2000). This increased surface area is one of the reasons why root 
hairs are considered the main vector for water uptake by the root system (Segal et al. 
2008; White and Kirkegaard 2010; Wasson et al. 2012). Root hairs can grow as long 
as 1.5 mm (Brown et al. 2017) and their total length can be 20 times that of the rest of 
the root system (Wulfsohn and Nyengaard 1999). Due to their small diameter, root 
hairs can physically penetrate and enmesh soil aggregates (Rasse et al. 2005; Keyes et 
al. 2013). Further to this, White and Kirkegaard (2010) show that roots actively 
increase root hair density to increase soil contact. So, root hairs exhibit traits 
suggesting that they are beneficial to soil reinforcement.  
Though not directly linked to soil erosion, some studies have shown an association 
between root hairs and soil strength. Czarnes et al. (1999) and Ennos (1989) show that 
root hairs play a role in anchoring the plant to the soil. Logically, this conclusion can 
be reversed to suggest that root hairs also play a role in anchoring the soil to the root. 
Root hairs are seen as one of the key requirements for binding soil to the root through 
the formation of the rhizosheath (Watt et al. 1994; McCully 2005; Brown et al. 2017; 
Pang et al. 2017). In addition, George et al. (2014) and Delhaize et al. (2015) found 
that root hair length is positively correlated with the amount of soil secured in the 
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rhizosheath. However, no studies looking at the impact of root hairs on soil erosion 
were found. 
Although root hairs strongly influence a number of traits associated with a plant’s 
ability to reduce soil erosion, such as increased surface area and the binding of soil to 
the root, it has not yet been established if the soil binding abilities of root hairs have 
any impact on soil erosion mitigation. This chapter aims to investigate whether the 
presence of root hairs and their increased ability to bind soil ameliorates soil erosion. 
Root hair traits and their interactions with the soil (Chapter 2) strongly suggest that 
they should affect a plant’s ability to reduce soil erosion. This experiment will 
compare root hairless mutants to their wild type in mesocosms under simulated 
rainfall to better understand how the root system mitigates soil erosion.  
4.2. Materials and methods 
4.2.1. Mesocosm construction 
The mesocosms were constructed out of 21 litre plastic containers (Euro Container 
ref. 9230001, Schoeller Allibert Ltd, UK), with an internal area of 55.5 cm length x 
3.6 cm width x 11.5 cm height (Figure 4.1). Drainage holes were drilled in the base in 
a 5 cm grid to aid drainage. The top 2.5 cm of the front edge was removed so that the 
surface of the soil would be above the edge of the plastic, with 1 cm leeway, to 
remove any obstacles to drainage. The detached section was temporarily re-attached 
during the growth stage to maintain the front edge of the soil profile. Guttering was 
constructed out of 40 mm pipe with a 90° bend, which was solvent welded to one end 
and affixed to the box with small nuts and bolts, with silicone sealant used to prevent 
leakage. The whole box was then affixed to a piece of 18 mm thick marine plywood, 
cut with corresponding drainage holes and oversized to allow handles to be attached to 
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either side of the box. The plywood and handles were necessary to minimise any 
disturbance to the soil structure whilst moving the mesocosms. The mesocosms had a 
layer of 20 mm gravel lining the bottom to aid drainage and then filled with a sandy 
loam textured top soil (as detailed in Chapter 2.2.2). The soil was packed to a bulk 
density of 1.4 g cm–3 and filled in 3 cm increments to achieve a uniform profile.  
4.2.2. Germination and growth 
Each block (5 in total) consisted of 3 mesocosm treatments, a barley root hairless 
mutant (brb), its wild type (WT, as described in Chapter 2) and an unplanted control. 
Seeds were placed in five trenches dug, approximately 1 cm deep, across the width of 
the mesocosm and spaced at 11.5 cm intervals (assuming an 80 % germination rate, 
this equated to 12 seeds per row and a density of 245 seeds m–2). The trenches were 
then filled in and the surface smoothed over. For continuity, this process was also 
carried out on the unplanted mesocosms (minus the seeds). The mesocosm was then 
wetted until a film of water appeared on the surface using a watering can with a spray 
rose attached (this was sufficient water for the barley to grow, any more resulted in 
Figure 4.1. A mesocosms under the rainfall simulator with the cover over the outlet drainpipe and the 
collection container (a) and a schematic of the boxes (b) showing; 1. Gutter and U-bend spout, 
2. Removable box section that is kept in place during the growth stage to support the soil, 3. Plywood 
base for reinforcement and 4. Lifting handles. 
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excessive movement of surface soil). The mesocosms were kept in a walk-in 
controlled environment room (as described in Chapter 2) and watered, as stated above, 
every 23 days for 35 days until harvest.  
4.2.3. Rainfall simulator 
This experiment used a gravity-fed rainfall simulator (Armstrong et al. 2012), 
approximately 3 m above the mesocosm surface (Figure 4.2). The simulator consisted 
of 958 hypodermic needles (25G x 25 mm, BD Microlance™ 3, Fisher Scientific, 
UK) in 27 staggered rows of 35 and 36 needles in a grid 47.25 x 72.00 cm, producing 
a rainfall rate of approximately 23 mm h–1 (CU = 86.6). A 2 mm mesh was suspended 
approximately 20 cm below the needles to disperse the water droplets and make them 
less uniform in size and distribution on the mesocosm surface. The simulator was run 
with tap water and there is a weir and outlet pipe in the chamber above the needles to 
ensure a consistent water pressure through the needles.  
Figure 4.2. Gravity-fed rainfall simulator and the mesh hanging below with a close up of the droplets 




The day before harvest, the mesocosms were left standing in approximately 5 cm of 
water overnight to pre-wet from the base to achieve a consistent soil water content 
(soil moisture measurements made before each experiment proved that this method 
was effective). The rainfall simulator was turned on 12 hours before the experiment, 
to give time for the needle reservoir chamber to fill. The shoots and leaves were 
removed with care so as not to disturb the surface soil immediately prior to each test. 
Any large gaps (approx. > 3 mm) which formed as a result of soil shrinkage or 
movement of the temporary barrier were filled with plumber’s putty (Plumbers Mait, 
EvoStik, UK), this also served to reinforce the front edge of the soil, preventing it 
from slumping. Each mesocosm was then placed on a 6 % slope under the rainfall 
simulator for 1 hour. Sediment and runoff were continually collected in a beaker, at 
5 minute intervals the contents of the gutter was washed into the beaker using a 
measured amount of water from a 60 ml syringe and the beaker replaced with an 
empty one. The beaker contents were weighed and then washed into a metal tray to be 
dried in an oven at 105 ℃. The amount of erosion for each interval was equal to the 
weight of the dry soil and is displayed as soil detachment rate (SDR). The amount by 
which the presence of roots reduced the quantity of eroded soil in comparison to their 
respective unplanted mesocosms (relative soil detachment reduction rate, RSDR) is 




) × 100 
where 𝐸𝑐 is the sum of the erosion from the control unplanted mesocosm and 𝐸𝑟 is the 
sum of the erosion from the rooted mesocosm. The amount of runoff was calculated 
from the weight of the beaker’s initial content, minus the weight of soil and beaker. 
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Roots were harvested from the top 1.5 cm of soil using a guillotine, then washed out 
of the soil. The roots were stored in a 50 % ethanol and DI water solution and kept at 
approximately 4 ℃ until they were measured. The roots were then scanned at 600 DPI 
using an Epson expression 11000 XL pro scanner, analysed using WinRHIZO (2013a 
Pro, Regent, Canada), as described in Chapter 2. Root length density (RLD) was 





where RL is the total length of live roots (cm) and 𝑉𝑠 is the volume of soil sampled 








where D is the diameter (cm) of the root and RSA is the root surface area (cm2) is 
under the assumption that the root is cylindrical. Percentage of fine roots is calculated 
using the diameter threshold described in Chapter 2 (Figure 1.2). The quantity of 
rhizosheath for each species was calculated using the data from Chapter 2 
(brb = 13.3 mg cm−1, WT = 41.2 mg cm−1) and the average rhizosheath in each 
mesocosm for the two genotypes was assumed to be 91.5  34.0 g for brb and 
125.0  48.0 g for WT. 
4.2.5. Statistical analysis 
The erosion data were non-normally distributed so a repeated measures Friedman’s 
Test and a Wilcoxon ranked sum post-hoc test with Bonferroni correction were used 
to assess the difference in the erosion and runoff rates. Pearson’s Correlation and 





The impact of roots on SDR was initially delayed (Figure 4.3). It took 25 minutes of 
rainfall for the mean of the unplanted mesocosms to exceed that of both the rooted 
treatments. For this reason, 25 minutes was taken as the threshold for root impact. The 
average amount of erosion at 25 mins, before roots became influential, was 
27.1  4.1 g for unplanted, 29.6  10.1 g for brb and 22.2  4.8 g for WT mesocosms 
and all treatment were statistically equivalent to each other (p = 0.069). Assuming 
erosion occurred uniformly across the mesocosms, this would equate to an average 
eroded depth of 0.061  0.009 mm across all treatments. Due to the lack of discernible 
root influence, the first 25 minutes of erosion are discarded from further erosion 
analysis. 
In the subsequent 35 minutes, the rate of erosion in the brb and WT is significantly 
different from the unplanted mesocosms (Z = −4.39, p < 0.001 and Z = −4.17, 
p < 0.001 respectively). Although the erosion rate from brb and WT mesocosms did 
not significantly differ (Z = −1.25, p = 0.383), WT most frequently yielded less soil 
than both the unplanted and brb mesocosms, resulting in the greatest overall reduction 
in SDR with an average decrease of 40.4  15.0 % from their respective unplanted 
mesocosms (Table 4.1). Barley brb consistently yielded the second least soil with an 
average of 32.2  12.6 % less soil than their corresponding unplanted mesocosms. 
This translates to an eroded depth of 0.07  0.02 mm for the planted mesocosms in 





Figure 4.3. The total erosion per each 5 minute interval. The dashed line depicts the threshold where 
erosion from unplanted mesocosms begins to consistently surpass those of rooted mesocosms. P values 
are from the Friedman’s Test for the first 25 mins of rainfall and the subsequent 35 mins of rainfall. 
The solid black bars = brb, grey bars = WT and the white bars = unplanted. Bars are means + SE of 5 
replicates. 
Table 4.1. Lists the mean ranks produced by the Friedman’s Test from Figure 4.3 and the median and 





Figure 4.4. The runoff per each 5 minute interval. The dashed line depicts the threshold of root 
influence. P values are from the Friedman’s Test for the first 25 mins of rainfall and the subsequent 35 
mins of rainfall. The solid black bars = brb, grey bars = WT and the white bars = unplanted. Bars are 
means + 1SE of 5 replicates. 
Table 4.2. Lists the mean ranks produced by the Friedman’s Test from Figure 4.4 and the median and 




Unlike erosion rates, runoff rates were much less susceptible to temporal fluctuations. 
After a brief peak 10 minutes into the experiment, the runoff rates remained relatively 
steady for the rest of the hour (Figure 4.4). However, as with erosion rates, there was a 
delay in the observable difference between rooted and unplanted mesocosms. The 
mean of the unplanted mesocosms consistently exceeded both the rooted treatments 
after the first 20 minutes of rainfall, in comparison to the first 25 minutes with erosion 
rates. In the last 40 minutes, the mean amount of runoff from the rooted mesocosms 
were consistently (p < 0.05) less than the unplanted mesocosms, though not every 
block followed this trend. For the 2nd and 4th block, the unplanted mesocosms 
produced more runoff than rooted mesocosms making the overall decrease from the 
unplanted mesocosms 9.5  6.6 %. The WT mesocosms most frequently yielded the 
least runoff (Table 4.2), followed by brb, with unplanted mesocosms most frequently 
yielding the most runoff in the last 40 mins. The runoff rates (RR) for brb and WT 
both significantly differed from the unplanted mesocosms (Z = −2.70, p < 0.05 and 
Z = −2.61, p < 0.05, respectively) but were not significantly different from each other 
(Z = −0.94, p = 1.041).  
4.3.3. Root parameters 
As in previous chapters, brb grew faster than WT, resulting in a 66% greater root 
length density in the top 1.5 cm of the mesocosms (Table 4.3). Only root diameter and 
percentage of fine roots statistically differed between the genotypes. For WT, fine 
roots made up 11.8  1.4 % less of the root system than in brb largely because WT 
root systems had a greater average diameter by 15.9  3.0 %. Table 4.4 illustrates the 




Table 4.4. A list of Pearson’s Correlation Coefficients for all measured root parameters. RLD = root 
length density, RSAD = root surface area density. Units are as stated in Table 4.5. 
* = p < 0.05, ** = p < 0.005, *** = p < 0.001. 
 
Table 4.5. Summary statistics for the measured root parameters. RLD = root length density, RSAD = 
root surface area density, Est. R = estimated rhizosheath (as calculated from results in Chapter 2). 
F-statistic is from a one-way ANOVA, * = p < 0.05, ** = p < 0.005. 
Table 4.3. Pearson’s Correlation coefficients between the measures root parameters and RSDR with 
and without the anomalous 2nd replicate. RLD = root length density, RSAD = root surface area density. 
Units are as reported in Table 4.5. * = p < 0.05, ** = p < 0.005, *** = p < 0.001. 
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chosen parameter for further analysis as it is the only parameter that is correlated with 
all other root parameters and shows no significant genotypic variation. 
With an anomalously low erosion rate (Table 4.5) from one block removed, all the 
measured root parameters (except root diameter and percentage fine roots) were 
positively correlated with RSDR for brb. Less soil was detached in comparison to the 
unplanted mesocosms with increasing RLD for both genotypes (Figure 4.5) and 
although not significant, the interaction term (p = 0.06) suggests that increasing length 
of WT roots are more effective at reducing erosion (in comparison to unplanted soil) 
than increasing length of brb roots. These findings suggest that root hairs have the 
capacity to diminish soil erosion. 
4.4. Discussion 
Mesocosms containing three treatments, brb roots (lacking root hairs), WT roots (with 
root hairs), and unplanted soil (with no roots), were subjected to simulated rainfall 
under a laboratory gravity fed rainfall simulator. The presence of roots significantly 
decreased soil loss from both rooted treatments as the unplanted mesocosms produced 
Figure 4.5. Shows the linear relationships between root length density and relative soil detachment rate 
(RSDR) for both brb (black markers with dashed line) and WT (grey markers with dotted line). A 50 % 
RSDR would mean that the planted mesocosm produced half as much erosion as the unplanted 
mesocosms, whereas a 0 % RSDR would mean it produced the same amount. 
P values are derived from ANCOVA analysis. 
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significantly greater concentration of soil in the runoff (Figure 4.3). The unplanted 
mesocosms also yielded more runoff though the differences in runoff (14.6  5.5 % 
for brb and 11.8  7.5 % for WT) were slight in comparison to the differences in soil 
loss (32.2  12.6 % for brb and 40.4  9.3 % for WT). Additionally, RLD 
significantly reduced the amount of soil eroded in comparison to their respective 
unplanted mesocosms (Figure 4.5). The presence of root hairs, however, seemed to 
limit soil erosion, with WT roots appearing to reduce soil erosion at a greater rate than 
brb roots, but comparing the genotypes at a higher range of RLDs and with additional 
measurements is required to substantiate this conclusion. 
The presence of roots significantly decreased SDR (Figure 4.3 and Figure 4.5). This 
phenomena is well documented in the literature, even though the RLDs reported in 
this study are near the lower end of the range reported (0.04 cm cm−3 to 
622.9 cm cm−3) in previous studies (Vannoppen et al. 2015). Previous studies with 
similar RLD ranges have also found linear relationships between root parameters and 
RSDR (Zhou and Shangguan 2007, 2008) though most studies suggest the relationship 
is exponential (Gyssels et al. 2005; Vannoppen et al. 2015). However, this study 
shows that even at a relatively low root abundance, root systems can still significantly 
reduce soil erosion. 
One of the mechanisms by which roots aid in decreasing soil erosion is by increasing 
soil shear strength (Prosser and Dietrich 1995; De Baets et al. 2008; Fattet et al. 
2011). Tangentially, root masses increase surface roughness and provide physical 
barriers that capture loose soil (Prosser et al. 1995). Increased surface roughness also 
decreases the speed and density of the drainage network, which in turn reduces its 
speed and scourability (Römkens et al. 2002). However, these traits rely on the roots 
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withstanding the pressure of the sediment and water it is holding in place. Root hairs, 
and their ability to bind soil, have been strongly linked to anchoring the roots in the 
soil and resisting a pull out force (Ennos 1989; Bailey et al. 2002) and in facilitating 
root tip penetration of the soil (Jaunin and Hofer 1986; Bengough et al. 2011). Since 
no roots were visible above the surface of the soil, there is no evidence to suggest this 
was the mechanism reducing soil erosion. 
Root systems of both genotypes decreased SDR, however, when the soil eroded from 
the planted mesocosms is expressed as a function of that from the unplanted 
mesocosms (RSDR), the data suggests that roots with root hairs could reduce erosion 
by rates up to three times greater than those without root hairs (Figure 4.5). Even 
though brb mesocosms produced a mean total root length more than twice that of WT 
mesocosms (1.2-fold; Table 4.3), this phenomenon would explain why less soil was 
eroded from the WT mesocosms (5.7 %) than the brb mesocosms. However, there are 
too few data points to certain of this putative effect. 
The primary way in which root hairs reinforce the soil is by binding it in a rhizosheath 
and barley rhizosheaths are strong enough to withstand submersion in a sonic bath for 
5 minutes (Brown et al. 2017). Barley WT and brb roots can form 41.2 mg cm−1 and 
13.3 mg cm−1 of rhizosheath, respectively (as calculated from Chapter 2.3.1). When 
considering the volume of the mesocosms, this rhizosheath soil accounts for a mean of 
2.3  1.0 % for brb and 3.1  1.2 % for WT of the top 1.5 cm. The WT roots are 
estimated to have 34.8 % more rhizosheath than the brb roots. However, considering 
the amount of soil eroded from each treatment with respect to the volume of soil 
sampled (which equates to 0.87  0.30 % for brb and 0.82  0.36 % for WT), WT is 
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only 5.7 % more efficient than brb. This suggests that the capacity to form a 
rhizosheath far exceeds the relative capacity to mitigate erosion.  
4.5. Conclusion 
In the absence of above-ground plant matter, this study showed that root systems with 
and without root hairs can reduce soil erosion, and increasing root length density 
(especially in brb) clearly enhanced this. The impact of root hairs, however, was less 
obvious. Even though brb tended to have greater RLD, it was less able to reduce 
erosion than WT roots, suggesting that WT roots could better mitigate soil erosion, 
even though the trend was not statistically significant (p = 0.06). Additionally, due to 
their greater rhizosheath development, WT root systems should have been able to 
fortify significantly more soil than brb, but the reduction in soil erosion was only 
slight in comparison. The mechanisms by which root hairs support the soil is still 
relatively poorly understood and further study is required to fully understand the 




Chapter 5. Root hairs do not affect soil erosion from plots 
under rainfall simulation in the field. 
5.1. Introduction 
An estimated 17 % of the UK’s 18.3 million hectares of agricultural land is affected 
by soil erosion (Posthumus et al. 2015), a phenomena that is observed worldwide 
(Quinton et al. 2010; Amundson et al. 2015). Soil is arguably a finite resource and is 
being eroded at rates several orders of magnitude greater than the rate it is being 
produced (Verheijen et al. 2009). Soil erosion is estimated to cost the UK an average 
of £248-£469 million (Posthumus et al. 2015) every year. Some costs are wrought as 
erosion preferentially acts on the top fertile layer of soil, reducing the productivity of 
agricultural fields, as well as causing damage to crops and causing difficult field 
working conditions. Furthermore, most of the costs are incurred off-site as a 
consequence of ﬂood damage, siltation and eutrophication of watercourses and lakes. 
Soil erosion is a type of physical degradation that results from a decline in the soil 
structure (Lal 2015). Overland flow (water) is the predominant driver of erosion in 
European countries (Verheijen et al. 2009). It can be categorised as inter-rill, rill, and 
gully erosion. Inter-rill erosion is defined as sheet erosion that preferentially transports 
smaller particles, whereas rill and gully erosion is when flow is concentrated and 
forms eroded channels, thus, eroding larger soil particles non-selectively (Shi et al. 
2012). Although some soils are naturally prone to erosion, due to properties like their 
physical texture, organic matter content, and water holding capacity (Adhikari and 
Hartemink 2016), various agricultural practices can exacerbate the degradation of soil 
structure, thus intensifying soil erosion. These practices include tillage (Van Oost et 
al. 2006; Mehra et al. 2018), crop harvesting (Ruysschaert et al. 2004), and the 
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movement of farm equipment and livestock (Batey 2009). However, agricultural 
fields, independent of their soil structure or properties, are most at risk of soil erosion 
when they are left (completely or partially) bare (Anache et al. 2017). This can occur 
immediately after planting of tilled fields, in row crops prior to canopy closure or 
when fields are left unplanted between crops.  
It is well understood that vegetation can protect soils from eroding (Durán Zuazo and 
Rodríguez Pleguezuelo 2008) and in time even reverse degradation (Gerhardt et al. 
2009). Most research has concerned above-ground plant material. The size and shape 
of leaves, as well as their inclination and orientation, affect the plant’s ability to 
reduce soil erosion by dampening the force of rain drops (Elwell and Stocking 1976; 
Foot and Morgan 2005; Nearing et al. 2005; Frasson and Krajewski 2013). When 
raindrops impact the soil surface, their force dislodges and disperses smaller particles, 
resulting in a particle sorting that can lead to surface crusting (Armenise et al. 2018; 
Carmi et al. 2018), which aggravates erosion. The stems of plants also dampen 
concentration flow, which in turn reduces soil erosion; with their diameter, abundance, 
and rigidity all determining their effectiveness (Fasching and Bauder 2001; Melville 
and Morgan 2001; Xiao et al. 2011; Lambrechts et al. 2014; Mekonnen et al. 2016; Li 
and Pan 2018). While the effects of above-ground plant material in mitigating soil 
erosion has been relatively well documented, plant roots can have as much, if not 
more, impact (Gyssels and Poesen 2003; De Baets et al. 2006; Zhou and Shangguan 
2007; Zhang et al. 2012; Burylo et al. 2012; Katuwal et al. 2013; Zhao et al. 2017; Li 
and Pan 2018).  
Most research into root effects on soil erosion have used controlled laboratory 
conditions (Vannoppen et al. 2015), with root length (Mamo and Bubenzer 2001a; 
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Shit and Maiti 2012; Burylo et al. 2012; Niu and Nan 2017), root surface area density 
(Zhou and Shangguan 2005, 2007, 2008; Shit and Maiti 2012; Burylo et al. 2012), 
root area ratio (De Baets et al. 2006), diameter (Li et al. 1991), and weight of both 
live (Katuwal et al. 2013; Zhang et al. 2013) and dead (Ghidey and Alberts 1997) 
roots all positively correlated with erosion mitigation. Furthermore, some studies have 
compared the contribution of various root traits to soil erosion reduction, including 
some architectural features such as maximum rooting depth, maximum lateral spread, 
and apportionment of fine roots in a root system (Burylo et al. 2012; Chau and Chu 
2017). However, these traits have generally been ignored in field studies under 
simulated rainfall, instead using the simple acknowledgement that roots were present 
(Zhang et al. 2014; Li and Pan 2018) or determinations of root weight (Spaeth et al. 
2003; Cogo and Streck 2003; Volk and Cogo 2008) and length (Bui and Box 1993; 
Mekonnen et al. 2016). While the knowledge gap pertaining to the impact of roots on 
soil erosion is closing, there is still a dearth of studies investigating the impact of roots 
on erosion at a field scale. 
Previous chapters have shown that root hairs greatly affect the binding of soil to the 
roots (Chapter 2). The presence of root hairs can increase the amount of soil a root 
system can bind by up to 400 %. Additionally, the presence of root hairs increase a 
root system’s ability to mitigate soil erosion in a laboratory mesocosm experiment 
(Chapter 4). The amount of soil erosion reduced in comparison to unplanted 
mesocosms increases at a three times greater in the presence of root hairs than when 
they are absent. To further upscale these observations, this chapter will assess the 
impact of root hairs on soil erosion under simulated rainfall in field-grown plants. 
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5.2. Materials and methods 
5.2.1. Site description 
The field site is located close to Preston, 
UK (Figure 5.1) in a field used to grow 
cattle fodder the previous season. At the 
time of this experiment (26th April – 31st 
July, 2018), the field was planted with a 
spring crop of barley. The experimental 
plots were treated the same as the rest of 
the field; first ploughed (20th March) 
then power harrowed (21st April) before 
the crops were planted (26th April for the plots, the exact date for the rest of the field is 
not known but precedes the experimental plots by less than 1 week). A pre-emergence 
weed killer was then sprayed across the field on the 28th April and a granular fertilizer 
on the 14th May (nitrogen; 27 %, sulphur; 9 %), The soil is of a fine loamy texture 
with impeded drainage classified as Salop (711 m) (Cranfield University 2019).  
5.2.2. Erosion plots 
This experiment consisted of 15 adjacent plots, 1 m long and 0.7 m wide; 0.5 m was 
left between each plot for access. The average slope of the plots was 4.2  0.3 % with 
a SSE aspect. There were three treatments, barley with root hairs (WT), barley without 
root hairs (brb), and unplanted plots. Treatments were designated to each plot in a 
randomized block design. Rows of barley, 7 per plot, were spaced at 15 cm across the 
slope and sown, by hand (approximately 1 inch deep), at a density of 245 seeds m-1 
(31 seeds per row, assuming an 80% germination rate). The plots were left to grow for 
3 months under natural environmental conditions.  





Figure 5.2. A combination of images depicting the working field site. Images display the rainfall 
simulator structure with tarpauling covering adjacent plot (a), a diagram of the runoff collection system 
(b), and an image of a plot being rained on with barrier isolating the extent of the plot and a cover over 
the drainage ditch to ensure only runoff from the plot is collected (c). 
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5.2.3. Rainfall simulator 
The rainfall simulator consisted of one brass full cone nozzle (Spraying Systems 
Fulljet® 3/8HH9.5) which had a drop size distribution of 1000 to 5000 µm. The 
frame is constructed out of angled iron and supported 2 m above the plot by six 2” 
aluminium poles (Figure 5.2a); the angled poles had 1” telescopic extensions to 
contend with uneven ground. Each pole was affixed to the frame using a 2” flag pole 
foot. The water supply for this experiment was tap water contained in a metal bowser 
near the plots that was refilled before each test day. Water was pumped from the 
bowser through a pressure reducing valve set at 1 bar, using a 12 V pump, resulting in 
a rainfall intensity of 273.6 mm h−1 (Christiansen uniformity coefficient = 52 %). The 
period at which the harvest was carried out was during a heatwave with the area 
receiving less than 100 mm of rainfall throughout the whole growth period and 
temperatures reaching in excess of 22 ℃ for extended periods of time (Met Office) so 
the high intensity rainfall was chosen to ensure runoff and erosion in the given allotted 
time span of one hour.  
5.2.4. Sampling period 
The plots were harvested sequentially in blocks over five days, 24-27th and 31st July 
2018. Plots remained untouched until it was their turn to be harvested. In preparation 
for the plots being subjected to rainfall, the above-ground plant matter was harvested, 
taking care not to disturb the soil. Metal boards were inserted into the ground to form 
a physical barrier to the plots (Figure 5.2c). A trench was dug at the downhill edge of 
the plot, deep enough to hold a drainpipe slanting down to a larger hole, and big 
enough for a beaker to be held level under the drain pipe and collect the runoff. A 
piece of angled aluminium with a sheet of plastic attached to it was hammered into the 
cut edge of the trench so all runoff entered the gutter (Figure 5.2b). The upwards edge 
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of this along with any other large visible cracks in the surface were sealed with 
plumber’s putty. Putty was also used to continue the metal barrier to the gutter lip. 
During rainfall, the whole trench was covered so that the only water entering the 
gutter and subsequently the sampling beaker was runoff from the plot. 
Before the simulator was turned on, it was centred over the plot using a plumb-line. 
Tarpaulins were placed over the adjacent unharvested plot to keep them dry (Figure 
5.2a). If it was windy, another tarpaulin was secured upwind to dampen the gusts. 
Rainfall was applied long enough to create runoff for 1 hour (if runoff didn’t start 
until the 20th minute of rainfall, 80 mins of rainfall was applied). Samples were 
collected every 5 minutes, producing 12 runoff samples. Runoff was then collected in 
a 600 ml capacity beaker until full and the time taken to fill the beaker was recorded. 
The runoff was then transferred into a clean 1 litre plastic bottle. 
After the hour of rainfall five soil cores were taken at random from each plot and 
combined into one plastic bag, for subsequent root density measurements. A 
FieldScout SC 900 Soil Compaction Meter (Spectrum Technologies, Inc) was then 
used in replicates of five, again randomly distributed (if a stone was struck, that record 
was deleted and redone) to gauge soil compaction up to 5 cm deep. 
The runoff was left to settle in the plastic bottle until the water had cleared, for about a 
week. The supernatant was then carefully discarded, and the bottle cut open to rinse 
the sediment into pre-weighed metal trays. The metal trays were then placed in an 
oven at 105 °C until they reached a constant weight. This weight (minus the weight of 









Where 𝑅𝑣 = total volume of liquid runoff in beaker and 𝑇 = amount of time in seconds 
taken to fill the beaker. 








Where 𝑆𝑚 = total mass eroded soil in beaker. 
Root density of the plots was established using the five soil cores (53 mm diameter x 
37 mm height) taken from each plot. The roots were washed out of the soil and stored 
in 50 % ethanol at 4 °C until analysed. Digital images of the roots were produced in 8 
bit greyscale using an Epson Expression 11000XL Pro with transparency lid at 600 
DPI. Root length was analysed using WinRHIZO (2013e, Regent Instruments Inc.), 
debris with a width x length ratio less than 4 was excluded (as stated in Chapter 2.2.2). 
Not all vegetation could be removed without excessively disturbing the soil surface, 
so the remaining vegetation was recorded in a photograph of each plot taken prior to 
the application of rainfall. These images were then analysed using a MATLAB app 
called Canopeo (Patrignani and Ochsner 2015). This program cannot discriminate 
senescent (yellow) vegetation, so before analysis the vegetation had to be colour 
adjusted to green using the image software GIMP (version 2.8.2.2, The GIMP Team). 
Vegetation cover is displayed as a percentage of the soil area. 
96 
 
5.2.5. Statistical analysis 
Variations in the root traits of WT and brb were investigated using one-way analysis 
of variance (ANOVA). Due to the non-normal distribution of the data and the missing 
data points (a result of delayed runoff from some plots), the Skilling-Mack test 
(Chatfield and Mander 2009), a non-parametric version of a repeated measures 
ANOVA that can account for missing data points, assessed whether runoff and 
erosion concentrations from the three treatments differed over time, followed by a 
Wilcoxon post-hoc test with a Bonferroni correction. The Kruskal-Wallis test was 
used to determine whether there were differences between the soil compaction of the 
three treatments. 
Relative soil detachment rate (RSDR) is calculated as the mean percentage decrease of 
the rooted plots from the unplanted plots: 




̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
∗ 100 
Where 𝐸𝐵𝑖 = the total erosion from the unplanted plot of a block and 𝐸𝑅𝑖 = total 




The unplanted plots produced more runoff than the rooted plots (Figure 5.3). Runoff 
from two brb plots did not commence until after the first 15 minutes and a further brb 
and WT plot did not produce any runoff for the first 25 minutes. For this reason the 




Table 5.1. Shows the medians and interquartile ranges 
(IQR) for the rate of runoff (RR) for each treatment. 
Letters indicate that the medians are from different 
distributions, p values < 0.001. 
Figure 5.3. The runoff rate for the duration of the experiment. P value is from the Skilling-Mack Test. 
The solid black bars = brb, grey bars = WT and the white bars = unplanted. The bars are equal mean of 
5 replicates  1 Standard Error. 
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replicates. In attempting to increase the number of overlapping data points, but 
restricting the number of samples collected, all but one WT plot were given 10 
minutes of rainfall before initiating the first sample. For this reason, it cannot be 
confidently said that runoff was absent in the first 10 minutes. On the contrary, all 
unplanted plots produced runoff after the first 10 minutes, at such a rate that runoff 
likely commenced in the unplanted plots far sooner than in the rooted plots. The rapid 
increase meant that runoff from the unplanted plots was most frequently greater than 
that of the rooted plots (Table 5.1), resulting in a total mean runoff of 69.2  5.9 L, 
43.9  4.3 L and 47.1  7.1 L for the unplanted, brb and WT plots, respectively. The 
runoff from the two genotypes are so similar that their medians differ only slightly in 
comparison to that of the unplanted plots (). Thus, the presence/absence of root hairs 
did not influence the volume of runoff yielded from the plots. 
5.3.2. Sediment 
The concentration of sediment in the runoff (SC) was far greater in the unplanted than 
in the rooted plots. The SC from the unplanted plots was already twice that of the 
rooted plots after 10 minutes, suggesting that erosion started occurring before the first 
10 minutes and that any subsequent increase in SC was much slower (Figure 5.4). The 
initial SC from the brb and WT plots are both much less than the unplanted plots (by 
95.9 % and 89.5 % for brb and WT, respectively), but increase more rapidly. Initial 
runoff from the unplanted plots most frequently produced the greatest SC (Table 5.2), 
such that unplanted plots were statistically greater than both brb (Z = 5.95, p < 0.001) 
and WT (Z = 4.45, p < 0.001), resulting in a mean total sediment yield of 
1.60  0.43 kg/m2, 0.49  0.14 kg/m2, and 0.75  0.26 kg/m2 for the unplanted, brb 




Figure 5.4. The sediment concentration per ml of runoff for the duration of the experiment. P value is 
from the Skilling-Mack Test. The solid black bars = brb, grey bars = WT and the white 
bars = unplanted. The bars are equal mean of 5 replicates  1 Standard Error. 
Table 5.2. Shows the medians and interquartile ranges 
(IQR) for the soil concentration in runoff (SC) for each 
treatment. Letters indicate that the medians are different 
distributions, p values < 0.001. 
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As with RR, the SC from brb and WT plots was equivalent (Z = −1.56, p = 0.118). 
Both genotypes show a very slow rate of increase for the first 30 minutes of rainfall 
and then begin to increase more rapidly. The similar behaviour is reflected in the 
summary statistics with the medians and ranges varying only slightly in comparison 
(Table 5.2). So, the presence of roots decreased the yield of eroded soil, but the 
presence of root hairs had no discernible impact. 
5.3.3. Vegetation cover 
The amount of residual vegetation cover did not differ between genotypes (Table 5.3). 
As with the root parameters, percentage vegetation cover did not explain why some 
rooted plots yielded more erosion and runoff than their respective unplanted plots. 
Additionally, low levels of vegetation cover was not responsible for the some plots 
yielding more soil/runoff than their respective unplanted plots. Although there was a 
general trend for increasing vegetation cover to decrease RSDR and RR, these 
correlations were not significant (Table 5.4). This suggests that vegetation cover is not 
the cause of the difference observed in the erosion and runoff data.  
5.3.4. Compaction 
Soil within the unplanted 
plots was significantly 
(p < 0.01) more compact 
than the rooted plots 
(Figure 5.5). Penetrometer 
resistance of the unplanted 
plots was 497  51 kPa, 
whereas values for brb 
Figure 5.5. Average soil compaction from all three treatments. The 
p value is from a Kruskal-Wallis test and the letters indicate 
statistically different distributions from a Bonferroni pairwise 
comparison. Bars are means of 25 replicates + 1 standard error.  
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and WT plots were almost half at 289.2  30.8 kPa and 266.1  8.7 kPa, respectively, 
resulting in the unplanted plots being 72.1 % and 87.0 % more compact than the brb 
are WT plots, respectively. However, the brb and WT plots did not differ. Therefore, 
the presence of roots decreased soil compaction, but the presence of root hairs had no 
discernible effect. 
5.3.5. Roots 
There was no significant genotypic difference between root diameter, percentage of 
fine roots, root length density (RLD), or root volume density (RVD). Unlike previous 
chapters, WT produced more root length than brb, resulting in an RLD 33.4 % greater 
(Table 5.3). Also, root surface area density (RSAD) from WT plots was statistically (p 
< 0.05) higher than the brb plots. Although most root parameters did not differ 
between the genotypes, WT is assumed to have more root-soil contact.  
No root traits correlated with either RR or RSDR (Table 5.4). Most rooted plots 
yielded less soil and runoff than their respective unplanted plots, however, reduced 
root presence was not a determining factor for the rooted plots that produced a 
positive RSDR as these occur in the middle of the range of root parameters. Although 
soil compaction was significantly lower in WT and brb plots than the unplanted plots, 
it was also not correlated to any of the root parameters. Neither was compaction 
correlated with RSDR or RR. The changes in soil and runoff yield as well as changes 




Table 5.4. Pearson’s correlation coefficients for; average root diameter (D), percentage of fine roots 
(% FR), root length density (RLD), root surface area density (RSAD), root volume density (RVD), 
vegetation cover (VC), relative soil detachment rate (RSDR), relative runoff (RR) and compaction (C). 
* = p < 0.05, ** = p < 0.001, *** = p < 0.001 
Table 5.3. Summary statistics for the measured root parameters: root length density (RLD), root 
surface area density (RSAD), and root volume density (RVD). F-statistic is from a one-way anova, 





The presence of roots significantly decreased runoff (Figure 5.3). Previous studies 
have attributed the initial delay in runoff to an initial increase in infiltration from an 
unsaturated surface (Zhou and Shangguan 2007). It took the brb and WT plots more 
than 35 and 30 minutes, respectively, to achieve the same rate of runoff the unplanted 
plots achieved within the first 10 minutes, resulting in the unplanted plots producing a 
mean total runoff 57.5 % greater than the brb plots and 46.9 % greater than the WT 
plots. This suggests that roots may have increased infiltration. 
Roots and the mucilage they produce are only indirectly responsible for facilitating 
infiltration. The root mucilage promotes aggregation and roots themselves physically 
enmesh the soil, adding stability to the soil structure. These features combined 
promote and maintain pathways for water movement (McCully and Boyer 1997). 
Although this study did not directly measure infiltration, roots significantly decreased 
soil compaction (Figure 5.5). With increasing compaction, there is a reduction in soil 
porosity due to the compression of the soil structure and the collapse of soil pores that 
act as water pathways and therefore a reduction in hydraulic conductivity (Lipiec et al. 
2006; Strudley et al. 2008; Cambi et al. 2015). As roots grow, they can create or 
expand existing soil pores and reinforce them to such an extent that they can long 
outlive the original root (Williams and Weil 2004). By decreasing compaction and 
increasing soil porosity, roots amplify a soil’s ability to transport water away from the 
surface effectively reducing runoff. 
Few publications have attempted to investigate the impact of roots on erosion under 
simulated rainfall in the field and the conclusions are varied. Various root parameters 
(number and mass) were positively, exponentially correlated to RSDR (Li et al. 1991; 
104 
 
Cogo and Streck 2003). These findings are consistent with most analogous laboratory 
experiments with broader ranges of species (Gyssels et al. 2005; Vannoppen et al. 
2015). However, Bui and Box (1993) reported that maize roots had no significant 
impact on soil erosion when compared to unplanted plots. Thus, there is no consensus 
in the literature about the impacts of roots on erosion in the field. This experiment 
found that the presence of roots significantly reduced erosion (Figure 5.4); resulting in 
the unplanted plots produced a mean total sediment yield 3.3 and 2.1 times greater 
than the brb and WT plots, respectively. However, neither above-ground nor 
below-ground plant matter could explain variations in SDR or RR, which does not 
contribute greatly to the consensus in the literature and makes attributing reactions to 
the presence or absence of root hairs impossible.  
A soil’s erodibility can be influenced by many factors that were not accounted for or 
measured in this experiment, including but not restricted to, surface roughness 
(Kamphorst et al. 2000; Darboux et al. 2002; Le Bissonnais et al. 2005), presence of 
rocks (Poesen et al. 1999), and antecedent soil moisture (Luk 1985; Poesen et al. 
1999; Singh and Thompson 2016). Wind further disturbed the results by reducing 
consistency of the rainfall distribution and intensity. These uncontrolled variables are 
suspected to influence RSDR and RR, thereby masking any significant relationship(s) 
between measurable plant traits and soil erosion. However the design of the rainfall 
simulator may also have contributed to obscuring the root impact. 
The intensity of simulated rainfall experiments normally range between 30 mm hr−1 to 
120 mm hr−1, rarely exceeding 200 mm hr−1 (Zhou and Shangguan 2007; Cournane et 
al. 2011; Armstrong et al. 2011; Shinohara et al. 2016). These intensities are aimed to 
replicate moderate to intense rainstorms, however, the intensity of the rainfall 
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produced by the rainfall simulator in this experiment is equal to three times that of the 
peak rainfall intensity for a period of one hour recorded in the UK which was 
92 mm hr−1 (Met Office). It is not uncommon for rainfall to reach in excess of 
200 mm throughout the duration of a day, however, rainfall intensities exceeding 
200 mm hr−1 are only recorded for the duration of a couple of minutes every couple of 
hundred years (Arup et al. 2002). Rainfall intensity strongly influences the erosivity of 
the rainfall event. As rainfall intensity increases infiltration rates decrease resulting in 
more water remaining at the surface to form surface/concentration flow (Dunne et al. 
1991). So rainfall intensity has a power relationship with erosion rates (Meyer 1981; 
Panagos et al. 2017). Roots are able to contribute to soil erosion mitigation at surface 
flow intensities in excess of 35 L min−1 (Mamo and Bubenzer 2001a; b), however, the 
more kinetic energy an erosive force exerts the more potential it has to erode, thus 
reducing the ability of roots to mitigate soil erosion (Ghidey and Alberts 1997). The 
rainfall intensities exerted in this experiment would have produced large amounts of 
erosive force which could explain why there was no response of root hairs and no 
correlation with increasing root presence. 
5.4.1. Improvements to experimental design 
This experiment had constraints on time, space, availability of volunteers, and seed 
stocks which influenced the experimental design. These limiting factors controlled the 
number of plots and the number of days available to harvest the plots. Additionally, 
the soil was so dry that, even with the high intensity rainfall, several plots did not start 
producing runoff until after 20 minutes of rainfall. In an ideal repeat of this 
experiment, the soil would be pre-wetted to saturation prior to the erosion experiment. 
A lower, more realistic, rainfall intensity could then be applied that would reduce the 
severity of the erosion event and potentially expose a clearer root response. With a 
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visible root response, the presence/lack of impact from root hairs would also become 
evident. Ideally the experiment would also have a greater number of replicates. As 
with increased replication, increased resolution of root sampling would also capture 
more of the variation in root development. Capturing more of the variations in the data 
allow more accurate extrapolations and can ultimately strengthen trends. 
5.4.2. Successes of the experimental design 
Although aspects of the experimental design were lacking and should be addressed in 
later work, there were aspects that were hugely successful. The light and portable 
design of the rainfall simulator was extremely quick and easy to construct on site, but 
durable/minimalist enough to withstand the wind. Another aspect of the experiment 
that worked well was the drainage method. The plastic sheet attached to some angled 
metal that was then hammered into the side of the drainage ditch was a very effective 
way of capturing and channelling the runoff into the guttering. Additionally, the use of 
plumbers putty was integral to isolating the plot and channelling the runoff into the 
drainage system. 
5.5. Conclusion 
This experiment shows that the presence of roots significantly decreased soil erosion 
and runoff in comparison to the unplanted plots. The presence of roots significantly 
decreased the compaction of the soil, which ultimately lead to a reduction in runoff. 
There was no observable impact of root hairs on either compaction, runoff or erosion 
due to the lack of correlation between increasing root presence and either compaction 
or soil erosion reduction. Thus, it can be concluded that if root hairs affect soil erosion 
in a field setting, their influence was negated by the erosive forces applied here and/or 
it is minimal compared to the natural variability of the soil and environmental features 
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(such as micro-topography) that also influence soil erosion. The lessons learned from 
this simulation experiment are that more is not always better with respect to rainfall 
intensity. Further experiments are needed that quantify and account for the 
uncontrolled variables at a field scale (such as cracks and micro-topography) at a 





Chapter 6. General Discussion. 
Although the ability of roots to reinforce soil and mitigate soil erosion is well known, 
most studies examining the impact of plant roots on soil erosion or shear resistance 
have focused on root systems as a whole or on classes of roots distinguished as 
homogeneously as coarse (> 1, 2 or 3 mm diameter) or fine (< 1, 2 or 3 mm diameter). 
For this reason, the impact of individual root traits on root mitigation of soil erosion 
and shear reinforcement are poorly understood. While root hairs and mucilage can 
bind soil and anchor the root system, their contribution to root reinforcement of soil 
has hitherto not been considered. The aim of this thesis was to investigate which root 
traits reinforced soil at a small scale and then increase the scale to see if their impact 
was continuous. Thus, the traits of root hairs and exudates within different root classes 
(axile, lateral) of three WT species (barley, maize and L. japonicus) and their root 
hairless mutants were assessed for their relative contribution to rhizosheath formation 
in pot trials (Chapter 2). These experiments were scaled up to examine the impact of 
these genotypes on soil responses to shear forces (Chapter 3) and simulated rainfall in 
the laboratory (Chapter 4) and field (Chapter 5), to see if genotypic differences in the 
ability to reinforce soil had any wider implications. 
6.1. Rhizosheath formation 
Rhizosheath formation is known to depend on both root hairs and mucilage as well as 
other processes such as wetting and drying cycles. However, the effectiveness of these 
different root traits in contributing to rhizosheath formation has not yet been 
quantified. A further impedance to experimentally evaluating the interplay between 
root hairs and mucilage is the difficulties involved in obtaining sufficient root 
mucilage. Studies often use commercially available polysaccharides or chia seed 
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mucilage and extrapolate the effects of root mucilage. Although these alternatives 
provide valuable insight into the function and behaviours of mucilage more generally, 
they may misrepresent how root exudates affect rhizosheath formation. Chapter 2 
compared the relative ability of root hair traits and root derived exudates to facilitate 
rhizosheath formation. 
6.1.1. Mucilage 
Although generally considered to bind soil particles together and to the root, Chapter 2 
found that mucilage is not the main component contributing to rhizosheath formation. 
When root hairs were present, the increased adhesiveness of the maize root exudates 
(Figure 2.9) were not as effective at binding soil as the increased root hair 
development (length and length density) of the barley root systems (Figure 2.4). 
However, when root hairs were absent, the more adhesive exudate of the maize root 
hairless mutant rth3 was more effective at binding soil than the much less adhesive 
exudate from the barley root hairless mutant brb. Alternative explanations could be 
that the barley WT roots produced greater quantities of exudates than the maize WT 
roots allowing for them to compensate for the reduced adhesiveness. However, barley 
exudates are known to bind soil less effectively than maize due to differences in 
exudate composition (Naveed et al. 2017). 
The composition of root exudates determines how efficient they are at binding soil. 
Root exudates comprise many compounds, some with no apparent function except as 
waste products of internal metabolic processes and others that aid external processes 
such as root lubrication and facilitation of nutrient uptake (Bertin et al., 2003). 
Polysaccharide rich mucilage is highly adhesive and binds soil particles, producing 
hydrophobic barriers that aid water retention (Morel et al. 1991; Piccolo and Mbagwu 
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1999; Czarnes, Hallett, et al. 2000; Galloway et al. 2018). Conversely organic acid 
secretion from roots is predominantly associated with weathering soil particles to 
mobilise otherwise inaccessible nutrients (Oades 1984; Goldberg et al. 1990; Ström 
1997; Landeweert et al. 2001; Dakora and Phillips 2002; Read et al. 2003). Naveed et 
al. (2017) show that barley exudates are predominantly composed of organic acids 
and have a very small quantity of sugars (derived from polysaccharides) whereas 
maize exudates have proportionally less organic acids and proportionally more sugars 
than barley. This could explain why barley exudates were much less adhesive than 
maize exudates. The composition and consequent adhesiveness of exudates suggest 
that barley roots prioritise nutrient uptake over water retention, whereas the reverse is 
true for maize. These assumptions about the relative effects of barley and maize roots 
may reflect differences in shoot behaviour (Tomaz et al. 2017). It would be interesting 
to investigate if similar differences are observed in a wider range of C3 (barley) and 
C4 (maize) species. 
6.1.2. Root hairs 
The presence of root hairs significantly increases the amount of rhizosheath a root 
system can form (Figure 6.1). Root hairs greatly increase the total root surface area as 
they extend into and enmesh soil aggregates, thus, physically binding them to the root. 
The contribution of root hairs to rhizosheath formation has been noted previously 
(Watt et al. 1994; Haling et al. 2014; George et al. 2014; Delhaize et al. 2015; Adu et 
al. 2017). Indeed, species with greater root hair development bound more soil than 
species with shorter and less dense root hairs. In Chapter 2, it was not possible to 
differentiate the contribution of root hair length and root hair length density (RHLD; 
length of root hairs on a given length of root) to rhizosheath formation and there is no 
available literature on the topic. However, many studies have noted that root hair 
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length and rhizosheath development are positively correlated, and root hair length is 
deemed to determine the radial extent of the rhizosheath (Pang et al. 2017), though the 
impact of RHLD is rarely mentioned. 
Interestingly, the correlation between root hair length and rhizosheath size weakens 
with increasing root hair length in comparisons across multiple species (Brown et al. 
2017). As root hairs extend into an increasing circumference of soil (thereby 
decreasing the number of root hairs per area ratio), other root hair traits, such as 
diameter and density, may become more dominant in rhizosheath formation with 
increasing root hair length. However, the trade-offs between the effects of different 
root hair traits on rhizosheath formation is still poorly understood and more species 
comparisons (than the ones of Chapter 2) are needed to fully understand thresholds by 
which root hair traits, affect rhizosheath development. 
Figure 6.1. The difference in rhizosheath formation of a root hairless 
mutant (left) and its WT (right) of L. japonicus. 
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Different root types only expressed divergent rhizosheath formation if root hair 
development differed, with the root type exhibiting the greatest root hair development 
(in this case barley WT axile roots, as reported in Figure 2.6) also having the greatest 
rhizosheath development. This phenomenon may be exaggerated with increasing age 
of the root system, since lateral roots are relatively ephemeral in comparison to the 
axile roots that have a slower turnover rate. However, some studies suggest that the 
rhizosheath bonds can far outlast the lifespan of the root and provide channels of 
passage for water and other roots long after the original root has died (Williams and 
Weil 2004). This suggests that the structural rhizosheath may remain intact, just no 
longer bound to the root due to the lack of root hairs. This argument could be 
extended to root hairless mutants. It is possible that root hairless mutants form as 
comprehensive a rhizosheath as their WT (due to the bonds provided by mucilage), 
but just lacking the ability to retain the root-soil bond after extraction from the soil. 
High-resolution synchrotron imaging has been used to assess the porosity of 
rhizosphere soil, and found that soil remained adhered to the root when the soil 
shrinks (Koebernick et al. 2017). The same methodology could be used to assess 
whether the “rhizosheath” of root hairless mutants behaves in a similar manner as soil 
shrinks (in response to drying). If soil at the root-soil interface of root hairless mutants 
behaves similarly to the rhizosheath soil of WT roots when still in the soil, the 
definition of what a rhizosheath is, and the methods used to assess rhizosheath 
formation, would need to be altered.  
6.2. Shear resistance 
The contribution of root hairs to soil reinforcement under shear stress was quantified 
using a hydraulic shearing box. Soil permeated by roots of genotypes with and without 
root hairs were compared to an unplanted soil column. Both rooted treatments 
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required more shear force to displace than the unplanted soil columns (Figure 3.3) and 
the difference increased with increasing root surface area density (Figure 3.6). 
However, the presence/absence of root hairs did not influence the root system’s ability 
to reinforce the soil as the force required to shear both rooted treatments increased 
equally with root surface area density. Soil reinforcement by a root system was more 
accurately determined by its average diameter, as larger diameter roots withstood 
greater forces before breaking. 
Previous studies have found that root hairs significantly increase anchorage of 
seedling radicles (Stolzy and Barley 1968; Ennos 1989; Czarnes et al. 1999; 
Bengough et al. 2011, 2016). However, Chapter 3 shows that for more developed and 
complex root systems, the main roots contribute much more anchorage than root hairs. 
The peak resistance of a seedling radicle is determined by its length, peak breaking 
resistance, and quality of the root-soil bond (Ennos 1990), with the lateral protrusions 
of root hairs adding to the latter. A more complex root system has a network of lateral 
roots of much greater diameter and peak breaking resistance. The peak resistance of 
multiple roots is not equal to the peak breaking force of the sum of each root and is 
largely determined by the strongest root. Multiple weaker roots may not be able to 
resist as much force as fewer, stronger roots (Ennos 1990). Although the breaking 
force of root hairs has not been measured, it is assumed to be magnitudes less than an 
average lateral root (Bengough et al. 2011). Thus, root hairs would break long before 
the lateral roots break and so do not influence the force required to shear a 
root-permeated soil column. 
That root hairs do not affect overall peak shear resistance of a soil does not mean they 
do not influence soil reinforcement under shear stress. Root hairs may affect other 
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aspects of shear resistance such as elasticity (the ability to return to the original state 
after deformation) and plasticity (the ability to deform, irreversibly, before failure), or 
on root scale shear stresses such as macro-fissures. Further, studies are needed to 
determine whether root hairs affect the full range of processes that aid soil 
reinforcement.  
6.3. Soil erosion 
6.3.1. Laboratory erosion event 
Chapter 4 investigated the impact of root hairs on soil erosion by growing a root 
hairless mutant of barley (brb) and its WT in mesocosms modified to collect eroded 
soil under controlled conditions. After removing above-ground plant matter, rooted 
soils were compared to unplanted soils under simulated rainfall, with eroded soil 
collected and quantified. Both rooted treatments yielded less soil than the unplanted 
soils (Figure 4.3 and Table 4.1), and the amount decreased with increasing root 
presence (Figure 4.5). However, the data suggests the presence of root hairs could 
reduce soil losses per unit of root length in comparison to unplanted soil, though only 
minimally. 
The brb mesocosms produced, on average, more prolific root systems than WT, but 
overall more soil was eroded from their mesocosms, suggesting that root hairs could 
compensate for the lesser root length. Additionally, when considering soil erosion 
reduction (RSDR) with increasing root length, WT root growth was up to three times 
more efficient at reducing soil erosion than brb, but due to the difference in total root 
length, this only equated to a 5.7 % difference in erosion reduction. Further to this, the 
reduction in eroded soil was much less than the estimated quantity of rhizosheath soil, 
suggesting that root hairs are relatively inefficient at reinforcing soil at the root:soil 
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interface against water erosion, or these figures would be more closely aligned. The 
resistance of rhizosheath soil to erosion is very poorly understood with a dearth of 
literature on the topic. Brown et al. (2017) found that both maize and barley 
rhizosheaths could withstand submission in a sonic bath for 5 minutes however, this 
study suggests that neither rhizosheaths can withstand more extensive wetting. 
Previous studies looking at the impact of crop roots on soil erosion have used several 
methodologies: measuring the splash erosion from raindrops, the eroded soil from 
surface flow without raindrops and a combination of raindrops and surface flow. All 
methodologies have yielded results concluding that root presence reduces the amount 
of soil eroded in comparison to unplanted soil. However, to further understand the 
mechanisms by which root hairs mitigate soil erosion, different methodologies that 
emphasise different soil erosion processes should be compared.  
6.3.2. Field erosion event 
To assess whether the ability of root hairs to bind soil (Chapter 2) and potentially 
mitigate soil erosion (Chapter 4) affects soil losses under more “natural” conditions, a 
field experiment was conducted (Chapter 5). A root hairless barley mutant (brb) and 
its WT were grown in an agricultural field under the same conditions as a commercial 
crop of spring barley. After 3 months of growth, the above-ground plant matter was 
removed and the rooted plots were subjected to simulated rainfall. The eroded soil 
yield was quantified and compared to that of the paired unplanted plots. Again, both 
rooted treatments yielded significantly less soil than the unplanted treatment (Figure 
5.3 and Table 5.4). The variability in trends inevitably increases from laboratory 
experiment to field experiments (Mamo and Bubenzer 2001a; b), however, unlike the 
laboratory experiment, increasing root presence showed no correlation with the 
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reduction in soil yield (Table 5.3) and WT showed no discernible difference in 
comparison to the root hairless mutant.  
There is a range of possible reasons why increasing root presence was not correlated 
with soil erosion reduction. Firstly, the impedance of surface flow caused by the 
remaining vegetation (plant stems could not be completely removed without 
excessively disturbing the top soil) may have had the major effect on soil losses. 
However, the remaining vegetation cover was not correlated with erosion reduction. 
Another explanation could be that there was not enough variation in root growth, as 
all plots were harvested after the same length of growth period, though this did not 
prove to be a problem for the laboratory experiment that also consisted of only one 
length of growth period. Additionally, the intensive rainfall rate of the field rainfall 
simulator was far in excess of what could be classed as “natural” rainfall so would 
have exerted an unnaturally high erosive force. As the influence of roots on erosion 
mitigation decreases with increasing erosive force, this would have obscured the 
relationship between the roots and their ability to reduce soil erosion. Many other 
factors that influence a soils propensity to erode were deliberately not controlled, 
unlike the laboratory experiment. Ultimately, although the presence of roots was a 
dominant feature in erosion reduction, unmeasured variables (such as the interplay 
between surface roughness and flow impedance or variations in infiltration capacity 
that altered the quantity of surface runoff) and the high intensity rainfall likely 
determined any variation between individual plots. Since root development and soil 
erosion were not correlated, the impact of root hairs cannot be wholly disproved. Root 
hairs may have contributed to the overall ability of roots to reduce soil erosion, 
however, their impact was not sufficiently large enough to detect at a field scale. 
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6.4. The impact of root hairs on soil reinforcement and erosion mitigation 
Root hairs are one of the most effective traits at reinforcing soil at the root-soil 
interface (Figure 6.2a). They are able to increase the amount of soil bound in a 
rhizosheath by up to 4-fold (Figure 2.4). The resulting bonds are not easily water 
soluble (Brown et al. 2017) and can outlive their origin root (Williams and Weil 
2004). Root hairs possess traits that suggest they may also reinforce soil and mitigate 
soil erosion, such as increased root-soil contact and a proven ability to anchor roots, 
but their effectiveness on a greater scale had not been evaluated. 
Through the binding capabilities associated with rhizosheath formation, root hairs 
have been shown to significantly increase the stability of a single root (Czarnes et al. 
1999; Bengough et al. 2011, 2016). However, this study found that their influence 
does not extend to anchorage of a complex root system (Figure 6.2b). For 
reinforcement against shear stress, the soil needs an expansive network of roots that 
Figure 6.2. A conceptual diagram of the impact root hairs have on soil reinforcement at the root-soil 
interface as rhizosheath (a), under shear stress (b), and against erosion by rainfall and surface flow (c). 
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can engage as much of the soil as possible in order to effectively dissipate the shear 
force. Their prolific length means that root hairs greatly increase the roots contact with 
the soil, however, this area of influence is confined to the root-soil interface and has 
limited impact on soil further than a few millimetres from the root. An assumption 
could be made that, despite their limited radial influence, their ubiquity throughout the 
root system and the resulting cumulative soil contact provided by their associated 
rhizosheath soil, would bolster the anchorage provided by other roots. In reality, root 
diameter and tensile strength proved the most beneficial for boosting shear resistance, 
and root hairs were too weak to maintain the root-soil contact under increasing shear 
force, rendering any beneficial anchorage associated with rhizosheath development 
inconsequential.  
Proliferation of roots is frequently reported to be correlated with increased soil erosion 
mitigation (Vannoppen et al. 2015), as such, the increased length and surface area 
provided by root hairs suggest they would be associated with a root systems ability to 
mitigate soil erosion. Further, the influence root hairs have on the formation of a 
rhizosheath, show that they are heavily involved in the root systems ability to bind 
soil. The rhizosheath is reportedly strong enough to withstand submersion in water, 
however, when subjected to the high impact force of rainfall and/or surface flow, 
rhizosheath soil proves less resistant. In controlled, small-scale experiments, root hairs 
appear to have a limited impact on soil erosion (Figure 4.5), though, this equates to 
only a slight decrease in soil yield that becomes completely lost when more 
uncontrolled variables are present (Figure 5.4). Similarly with shear resistance, the 
strength of the root hairs and/or their bond to the soil is not capable of withstanding 





Root hairs efficiently facilitate plant functions, such as nutrient and water uptake, and 
can contribute to root anchorage that supports root elongation and above-ground 
growth, however, they do not seem to be of much importance to soil reinforcement. 
The contribution of root hairs to soil reinforcement has, thus far, been assumed to 
extend only to the boundaries of the rhizosheath soil, and is hampered by the 
assumption that all fine roots contribute equally to soil reinforcement. Root hairs 
indeed heavily influence the amount of soil bound at the root-soil interface in the form 
of a rhizosheath, but their impact on soil reinforcement is localised to the immediate 
proximity of the parent root. With increasing scale and heterogeneity, the strength and 
influence of root hairs on both soil reinforcement and erosion mitigation can be 
overshadowed by more dominant features such as increasing root diameter (soil 
reinforcement) as well as soil topography and rainfall intensity (erosion mitigation). 
To conclude, root hairs can readily reinforce soil at the root-soil interface, but, due to 
their limited radial influence and relatively negligible strength, their contribution 
easily becomes imperceptible compared to other, more dominant factors. Thus, root 
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